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Executive Summary

The Electron Ion Collider (EIC) will open exciting new frontiers for research in nuclear
physics and quantum chromodynamics. In a comprehensive White Paper [1] the U.S. nu-
clear physics community, with worldwide support, has compiled a detailed description of
the potential for such a facility to realize, at a fundamental level, important new under-
standing and discoveries regarding the nature of visible matter in our universe. The 2015
DOE/NSF Long Range Plan for Nuclear Science [2] recommends an EIC as the next new
facility to be initiated for the field, and the 2018 National Academies of Sciences, Engineer-
ing, and Medicine report, ”An Assessment of U.S.-Based Electron-Ion Collider Science” [3]
states, “In summary, the committee concludes that an EIC is timely and has the support of
the nuclear science community. The science that it will achieve is unique and world lead-
ing and will ensure global U.S. leadership in nuclear science as well as in the accelerator
science and technology of colliders.”

The key requirements for such a facility, laid out in the above documents and articulated
in the National Academies report are:

e Center-of-mass energy range from ~ 20 to 100 GeV, upgradable to ~ 140 GeV

Ion beams from deuterons to the heaviest stable nuclei

High luminosity, on the order of 10% to 103 cm 2 sec™!

Spin-polarized (~ 70% at a minimum) electron and proton/light-ion beams

e One or more interaction regions which integrate the detectors into the collider to
preserve extensive kinematic coverage

Brookhaven National Laboratory (BNL) is proposing eRHIC as the electron ion collider.
The design meets the requirements listed above for an EIC with a cost-effective imple-
mentation that takes advantage of the existing infrastructure and accelerator components
of the RHIC ion-ion collider. An electron storage ring is planned to be added to the RHIC
complex to enable electron-proton (e-p) collisions at center-of-mass energies (Ecy) ranging
between 20 GeV and 140 GeV with luminosity well above 10%°* cm 2 sec™! over the range
from 40 GeV to 140 GeV, and a top of luminosity at Ecyy = 105GeV of 103 cm 2 sec L.

Ion beams ranging from deuterons to uranium nuclei will be available. For collisions of
electrons with protons and light ions (deuterons and *He nuclei), both beams will be spin
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polarized with polarization of P > 70%. The design of eRHIC has been developed in
a joint effort by nuclear physicists and accelerator scientists, enabling large-acceptance
experiments with unprecedented resolving power in the domain of quarks and gluons.

This eRHIC Preliminary Conceptual Design Report (pCDR) provides the reference design
that will serve as a guiding document for the eRHIC team and the foundation for a sub-
sequent proposal. The primary result of the pCDR is to show that the eRHIC concept is
technically feasible, is consistent with the anticipated cost expectations for an EIC, and will
deliver the performance needed to support the full scientific program recommended in the
DOE/NSF Long Range Plan and assessed by the National Academies committee.

In close coordination with the nuclear science community, the pCDR includes a description
of essential experimental measurements and a general detector concept to guide the design
of the interaction regions. This element of the pCDR is aimed at motivating the interest of
experimenters, theorists, and detector builders. The eRHIC facility includes the capability
for two large multipurpose colliding beam detectors.

All of the key facility requirements, including the availability of e-p collisions up to a
center-of-mass energy of 140 GeV, and the scaled equivalent for electron-ion collisions, will
be met with this design, requiring no further upgrades.

The full-performance luminosity for e-p collisions can be achieved via strong cooling of the
proton beam utilizing the technique of coherent electron cooling (CeC). This is a novel ap-
proach, currently under study at BNL and elsewhere, that has not yet been demonstrated.
Thus, in parallel, we have developed alternative measures for achieving the maximum
luminosity goal which depend only on established technology. These are described in Ap-
pendix ??. Without cooling or alternative measures, the luminosity for e-p collisions at
Ecy = 105GeV is 3.3 x 103 cm~2sec ™!, still well within the required range for this key
performance measure.

The eRHIC pCDR, in concert with the National Academies committee findings on the EIC
scientific program, is intended to facilitate a DOE Critical Decision 0; i.e. to declare a
mission need for an electron ion collider supported by a technical plan to realize such a
facility. DOE Critical Decision 1 (CD-1) will be based on a Conceptual Design Report,
along with numerous CD-1 required planning documents, and will be developed with
explicit DOE Office of Nuclear Physics support. The eRHIC pCDR demonstrates a feasible
way forward along this path.
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Chapter 1

eRHIC Overview

1.1 Physics Case of the Electron-Ion Collider

In the decades since the discovery of quarks, experiments in nuclear and particle physics
have led to a fundamental theory of strong interactions —quantum chromodynamics
(QCD) —that describes an extraordinary richness of nature at the subatomic level. The
visible mass of matter in our universe the atoms and molecules that constitute the galax-
ies, planets, and life itself is made up of a dynamic substructure of quarks bound together
by force-carrying gluons in complex systems internal to the protons and neutrons of atomic
nuclei. An understanding of how the properties of matter originate from the deeply funda-
mental constituents of QCD is a primary goal of nuclear physics and the central motivation
for an Electron-Ion Collider (EIC).

To date, a global program of precision measurements with high energy spin-polarized par-
ticle beams has begun to quantify how the intrinsic spins and orbital momenta of quarks,
anti-quarks, and gluons each contribute to the characteristic spins of observed particles,
but the mechanism by which this complex system results in the characteristic spin 3 of the
nucleon is not yet understood. The EIC concept is designed with the capability to answer
this question.

Neutrons and protons bound inside atomic nuclei exhibit collective behavior that reveals
the QCD substructure under extreme conditions. We now know, through laboratory ex-
periments with high energy heavy ion collisions at RHIC [4] and the CERN LHC [5], that
at temperatures and densities similar to those of the nascent universe moments after the
Big Bang nuclear matter is transformed to a plasma of quarks and gluons. The strongly
coupled “perfect fluid” property of this quark-gluon plasma [6] came as a remarkable sur-
prise, and has brought widespread interest to the study of condensed matter of the strong
force, and the understanding that the formation and evolution of this extreme phase of
QCD matter is dominated by the properties of gluons at high density.

The most energetic nuclear collisions, including electron-proton collisions at HERA [7],
established the dominance of gluons in the structure of nuclear matter when probed at
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high energies. This arises from the property that gluons, unlike their electromagnetic ana-
logue (the photon), can interact directly with each other. Like quarks, gluons can interact
through a “color” charge. The energy of self-interaction among the gluons accounts for
a significant fraction of the nucleon mass. In collisions at higher and higher energies the
density of gluons seen in the nucleon increases rapidly and without apparent limit. While
this rise must saturate at some point, this saturation of the gluon density has not been
observed yet, and its mechanism is of fundamental interest. It is widely conjectured that
such a saturated gluonic state may have universal properties for all strongly interacting
particles in nature. The EIC, through high energy collisions of electrons with heavy nuclei,
is expected to enable detailed studies of this extraordinary state of matter.

In the last two decades, nuclear physicists have developed new phenomenological tools
to enable remarkable tomographic images of the quarks and gluons inside protons and
neutrons. These tools are being utilized and will be further enhanced at the upgraded 12
GeV CEBAF [8] at JLab and the COMPASS [9] experiment at CERN. Applying these new
tools to study the transition of matter from being dominated by quarks to being governed
by gluons will require the higher energy and beam polarization of an EIC.

In light of these advances and discoveries, a worldwide community of scientists has come
together over the past several years to articulate the key science questions for a next-
generation facility, the EIC, and to broadly specify its performance requirements, at many
international conferences and workshops. Following an intensive ten-week workshop
held at the University of Washington’s Institute for Nuclear Theory (INT) in 2011, a sum-
mary White Paper, published initially in 2014 and updated in 2016 [1] presents the science
case for an EIC, including some “golden measurements” and the accelerator and detector
concepts required to achieve them.

Addressing these studies, the Department of Energy’s Nuclear Science Advisory Commit-
tee, in its Long Range Plan for U.S. Nuclear Physics completed in 2015 [2], acknowledged
the “qualitative leap in technical capabilities” required for the EIC, and identified an elec-
tron ion collider as “the highest priority new facility construction following the completion
of FRIB”. In 2018 this program was endorsed by the National Academies of Sciences Com-
mittee on U.S. Based Electron Ion Collider Science Assessment [3], stating:

“An EIC can uniquely address three profound questions about nucleons - neutrons and
protons, and how they are assembled to form the nuclei of atoms:

e How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?

e What are the emergent properties of dense systems of gluons?”

These questions call for an EIC with capabilities that far exceed any current or past collid-
ing beams accelerator facility:

e A collider with a range of center-of-mass energies Ecys from 20 to 140 GeV will enable
a kinematic reach well into the gluon-dominated regime;
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e Highly polarized (=~ 70%) electron, proton, and light nuclear ion beams (for example,
deuterons, or *He) are planned for a comprehensive study of the nucleon structure
including their spin: The electron beam brings to bear the unmatched precision of the
electromagnetic interaction as a probe, while polarized nucleon beams are needed to
determine the correlations of sea quark and gluon distributions with the nucleon’s
spin. High values of polarization reduce the uncertainties in determination of these
correlations;

2 1

e High collision luminosity 1033 to 103* cm2sec ! over a broad range in Ecy will en-
able precise determination of confined momentum and spatial distributions of sea
quarks and gluons in nucleons and nuclei;

e Jon beams from deuteron to the heaviest nuclei (gold or uranium) of the EIC will
provide access to the regime of saturated gluon densities and to understand how
color propagates through nuclear matter.

In this document we present the plan for eRHIC, Brookhaven’s proposal for realizing the
EIC. The eRHIC proposal provides a design that fully utilizes the existing RHIC facility
to produce hadron beams, including high-intensity polarized proton beams, and takes
advantage of recent technical advances to provide a powerful, cost-effective new facility
that fully meets the requirements for a compelling and lasting research program, with high
potential for new discovery, as spelled out in the community White Paper and described
below in Section 2.2.

1.2 Overview of the eRHIC Electron Ion Collider

The EIC eRHIC takes advantage of the entire existing Relativistic Heavy Ion Collider
(RHIC) facility with only a few modifications, and with cost implications that are small
on the scale of the eRHIC project. The well-established beam parameters of the present
RHIC facility are close to what is required for the highest performance of eRHIC. The ad-
dition of an electron storage ring inside the present RHIC tunnel will provide polarized
electron beams for collisions with the polarized protons or the heavy ions of RHIC.

The eRHIC design must satisfy the requirements of the science program while having
acceptable technical risk, reasonable cost, and a clear path to achieving design performance
after a short period of initial operating time. The strategy for arriving at an optimum
design that meets these requirements led to the eRHIC design.

The storage ring based design meets or even exceeds the requirements referenced in the
Long Range Plan [2], including the upgraded energy reach:

e Center-of-mass energy (Ecy) of 20 to 140 GeV !; the long range plan requires ~ 20 to
100 GeV.
IThe upper limit of the center of mass energy range can only be extended by a significant additional invest-

ment in RF equipment; the lower limit is softer and is given by the ability to detect low energy deep inelastic
scattered electrons; there is no hard restriction from the accelerator other than reduction in luminosity




4 CHAPTER 1. ERHIC OVERVIEW

034 2 1

e A luminosity of up to 10%*cm 2sec™!; the long range plan requires 10* to

103 ecm 2 sec 1.

e High polarization of electron and light ion beams with arbitrary spin patterns, with
time-averaged polarizations of ~ 70 %, as required by the Long Range Plan.

e Beam divergences at the interaction point and apertures of the interaction region
magnets that are compatible with the acceptance requirements of the colliding beam
detector.

e Collisions of electrons with a large range of light to heavy ions (protons to uranium
ions); the long range plan requires ions as heavy as uranium.

e Two interaction regions.

The RHIC tunnel complex incorporates two large experimental halls with full infrastruc-
ture for two major collider detectors. These are at the 6 o’clock position?, where the RHIC
STAR detector [10] is currently operating, and the 8 o’clock position, home of the RHIC
PHENIX detector [11] (see Figure 1.1). The design described here allows for two eRHIC
detectors, but initially only one will be implemented. In this report, we describe in de-
tail the interaction region (IR) configuration for a large, general-purpose detector in one of
these areas (6 o’clock), which could fulfill the requirements for the full range of EIC science
questions described above and in Chapter 2. Our plans for eRHIC include the capability
for two such detectors.

The scientific requirements, calling for high luminosity and near-complete angular cover-
age by the detector, result in an IR lattice that produces a significant degree of chromaticity
(energy sensitivity of the beam optics). The nonlinear sextupole fields needed to compen-
sate for this effect generally limit the dynamic aperture and need to be well optimized
to provide sufficient beam lifetime. Calculations motivated by experience at HERA [12]
indicate that adding an identical second IR can be achieved without further reduction of
the dynamic aperture (see Section ??). We thus plan for detectors at both the IR6 and IR8
positions. The forces acting on the particles in each beam, which are introduced by the
collective charges of the opposing beam, respectively, and the corresponding dynamical
implications are called “beam-beam effects”. In order to avoid unacceptably large beam-
beam effects in the case of two experiments, the collider would be operated in a mode
where each of the two experiments sees one-half of the bunch crossings; i.e., each experi-
ment receives 1/2 of the total luminosity (see Section ??).

Highest luminosities can only be achieved by implementing strong cooling of the ion and
proton beams to counteract emittance growth by intrabeam scattering (IBS) [13] associated
with the corresponding small beam emittances. Cooling of hadron beams with beam en-
ergies up to 275 GeV requires novel cooling techniques that are currently being developed
and tested in an R&D program at BNL [14].

2RHIC is composed of six sextants separated by six 200 m long straight sections with a potential collision
point in the center. These six straight sections are denoted as 2, 4, 6, 8, 10, and 12 o’clock, or IR2 to IR12, with
IR12 being the Northern-most IR
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The design satisfies all requirements while the beam dynamics limits are not exceeded. In
particular, the design parameters remain within the limits for maximum beam-beam tune-
shift parameters (hadrons: ¢, < 0.015; electrons: ¢, < 0.1) and space charge parameter
(< 0.06), as well as beam intensity limitations. The outline for the eRHIC electron ion
collider is shown in Figure 1.1.
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Figure 1.1: Schematic diagram of the eRHIC layout.

Polarized electron bunches carrying a charge of 10nC are generated in a state-of-the-art
polarized electron source. The beam is then accelerated to 400 MeV by a linear accelerator
(LINAC). Once per second, an electron bunch is accelerated in a rapid cycling synchrotron
(RCS), which is also located in the RHIC tunnel, to a beam energy of up to 18 GeV and
is then injected into the electron storage ring, where it is brought into collisions with the
hadron beam. The spin orientation of half of the bunches is anti-parallel to the magnetic
guide field. The other half of the bunches have a spin parallel to the guide field in the arcs.
The Sokolov-Ternov [15] effect will depolarize these electron bunches with a time constant
of 30min (at the highest energy of 18 GeV). In order to maintain high spin polarization,
each of the bunches with their spins parallel to the main dipole field (of which there are
145 at 18 GeV) is replaced every six minutes. The polarization lifetime is larger at lower
beam energies and bunch replacements are less frequent.

The highest luminosity of L = 1 x 103 cm~2sec™! is achieved with 10 GeV electrons col-

liding with 275 GeV protons (Ecpy = 105GeV). The high luminosity is achieved due to
large beam-beam parameters, a flat shape (or large aspect ratio 0y /0y) of the electron and
hadron bunches at the collision point, and the large circulating electron and proton cur-
rents distributed over as many as 1160 bunches. Table 1.1 lists the main design parameters
for the beam energies with the highest peak luminosity.
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Table 1.1: Maximum luminosity parameters.

Parameter hadron electron
Center-of-mass energy [GeV] 104.9

Energy [GeV] 275 10
Number of bunches 1160
Particles per bunch [1019] 6.9 17.2
Beam current [A] 1.0 2.5
Horizontal emittance [nm] 9.6 20.0
Vertical emittance [nm] 1.5 1.2
Horizontal B-function at IP B} [cm] 90 43
Vertical -function at IP f [cm] 4.0 5.0
Horizontal / Vertical fractional betatron tunes 0.305/0.31 0.08/0.06
Horizontal divergence at IP ¢, [mrad] 0.103 0.215
Vertical divergence at IP 0, [mrad] 0.195 0.156
Horizontal beam-beam parameter ¢, 0.014 0.073
Vertical beam-beam parameter ¢, 0.007 0.1
IBS growth time longitudinal /horizontal [hr] 3.4/20 -
Synchrotron radiation power [MW] - 9.0
Bunch length [cm] 6 2
Hourglass and crab reduction factor [16] 0.86
Luminosity [10%* cm~2sec™!] 1.0

At the lower center-of-mass energies, the beam sizes need to be increased and/or the beam
intensities have to be decreased to keep the beam-beam tune shift below the maximum
allowed value. At a higher center-of-mass energy, which is achieved by increasing the
electron energy to 18 GeV, the electron beam intensity has to be reduced to limit the syn-
chrotron radiation power loss to 10MW. Figure 1.2 shows the peak luminosity versus
center-of-mass energy that will be achieved in eRHIC. In the case of collisions between
electrons and ions, the electron-nucleon luminosity is lower, but event rates comparable to
the electron-proton case are achieved.

We need to separate the electron and hadron beams quickly after collisions. In order to
avoid parasitic crossings, without introducing separator magnets and the associated gen-
eration of synchrotron radiation, the beams collide under a crossing angle of 25 mrad. Col-
lisions with a crossing angle reduce the overlap region of the two beams thereby reducing
the luminosity by an order of magnitude. In addition, with a crossing angle, the transverse
beam-beam forces depend strongly on the longitudinal position of the particles which gen-
erates strong synchro-betatron resonances that affect the beam lifetime and stability. These
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Figure 1.2: eRHIC electron-proton peak luminosity versus center-of-mass energy (Ecyp). The
luminosity for low Ecy is limited by the beam-beam interaction; at high Ecys, the luminos-
ity is limited by the electron beam intensity and the total synchrotron radiation power. A
maximum power of 10 MW is chosen to limit operational costs. This is not a technical limit
but a design choice. (Solid lines connecting the dots are inserted to guide the eye.)

crossing angle effects are avoided by employing crab crossing [17] using crab cavities.
Compensation of the crossing angle by crab cavities is a proven technology that has been
demonstrated routinely in the electron-positron collider KEKB [18], and crab crossing is
planned for the high luminosity upgrade of the large hadron collider (LHC).

The main elements of eRHIC that have to be added to the existing RHIC complex are:

e A low frequency photocathode gun delivering 10 nC bunches of polarized electrons
at1Hz

e A 400 MeV normal-conducting S-band injector LINAC
o A 400MeV to 18 GeV rapid cycling synchrotron (RCS) in the RHIC tunnel

¢ A high intensity, spin-transparent electron storage ring with up to 18 GeV beam en-
ergy in the RHIC tunnel with superconducting RF cavities

¢ A high luminosity interaction region with 25 mrad crossing angle, crab cavities and
spin rotators that allows for a full acceptance detector; a second interaction region is
possible and feasible

e A 150MeV energy recovery LINAC that provides continuous electron beams for
strong hadron cooling
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¢ A small number of additional buildings to house additional RF power stations and
the electron injector.

The eRHIC electron storage ring design is using established and existing technologies from
high intensity electron storage rings such as the B-factories of KEK [18] and SLAC [19], as
well as from modern synchrotron light sources.

1.3 eRHIC Design Concept

The eRHIC pre-conceptual design provides a path towards a machine with a nominal lu-
minosity of up to 103 cm~2sec™!. The overall concept is to base the design, to a large ex-
tent, on existing technologies which will greatly reduce the technical risk. This is expected
to result in reduced project costs, rapid commissioning, and will provide usable physics
data soon after project completion. A design version with somewhat reduced luminosity
(“moderate luminosity”) is discussed as well in the context of design risk mitigation (see
Appendix ??). For commissioning and initial operation, we consider even more modest
parameters that are, however, still within the range of requirements of the White Paper on
the EIC [1] (see Appendix ??).

In the following we will describe the parameters for the maximum performance that we
are referring to as nominal parameters, which are summarized below:

e The design peak luminosity reaches up to 1.0 x 103 cm~2sec ™!, depending on center-
of-mass energy (see Figure 1.2). The electron energy and the luminosity at energies
E. > 10GeV is limited by the power of the synchrotron radiation. A total syn-
chrotron radiation power of 10 MW is considered a reasonable upper limit. This
allows a beam energy of 18 GeV together with a luminosity which is still 19% of the
maximum luminosity at 10 GeV.

e The center-of-mass energy from 20 to 140GeV is realized by proton energies that
range from 41 to 275GeV, and by electron energies up to 18 GeV. RHIC magnets
are capable of exceeding the present maximum operational energy of 255 GeV since
some magnets that presently limit the beam energy will no longer be needed in eR-
HIC. The lowest eRHIC proton energy is 41 GeV. This is limited by the need to syn-
chronize the revolution frequency with the electron beam.

e Both electron and hadron beams will be spin polarized with flexible spin patterns.
Proton polarization is part of the present RHIC program and can be carried over
as-is to eRHIC. The capability of light ion polarization (helions and deuterons) will
be added by upgrading the Siberian snakes (this sequence of magnets which sup-
press spin depolarizing resonances have been first described in Reference [20]) and
ion sources, and by improved polarimetry. The electron beam polarization will be
enabled by full-energy injection of polarized electron bunches with the desired spin
direction (up or down) and frequent electron bunch replacement to ensure a high
degree of polarization.
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e A transverse momentum detection acceptance for scattered protons from 200 MeV/c
to 1.3GeV/c in at least one transverse plane is realized by limiting the divergence
angle of the proton beam at the interaction point (IP). Proton p-functions at the IP
are chosen such that 50% of all scattered protons with a transverse momentum of
200MeV/c can be detected by forward detectors close to the beam (“Roman Pots”),
which limits the achievable luminosity in this configuration. Increasing this lower
limit of detectable transverse momentum allows us to decrease the horizontal p-
function at the IP substantially, thus increasing the maximum luminosity by a factor
of two or more. As the cross section increases steeply with decreasing scattering an-
gle, it is sufficient to operate in this mode for only a short amount of time (~ 10%),
which then has only a correspondingly small impact on integrated luminosity.

The basic assumptions of this design are:

e The electron ring is installed in the existing RHIC tunnel to minimize civil engineer-
ing efforts, and it has the same circumference as RHIC.

e The layout described here admits two interaction regions (IR) and two interaction
points (IP). However, the second IR has not yet been integrated into the lattice de-
sign and the dynamic aperture assessment is yet to be completed. In case of oper-
ation with two collision points, the luminosity is maximized as half of the electron
and hadron bunches collide in one of the two interaction points and the other half
of the particles collide in the second IP. Luminosities and beam-beam parameters
quoted are based on a single beam-beam interaction per turn. In operations with
two detectors, each will receive half of the luminosity (see Section ??).

e Electron and hadron beams have identical beam sizes at the interaction point. The
beams are flat and the horizontal beam size is larger than the vertical one. At the
interaction point, the two beams intersect at a full crossing angle of 25 mrad in the
horizontal plane. The resulting luminosity loss will be largely restored by tilting the
bunches around the vertical axis in the IP (perpendicular to the crossing plane) by
half the crossing angle using transversely deflecting RF resonators, so-called crab
cavities, in the hadron ring. This is mandatory for hadron bunches. Crab cavities in
the electron ring are needed as well to avoid synchro-betatron resonances excited by
the collision crossing angle in the electron beam, though their pure geometric effect
is negligible.

e Hadron beam parameters are a moderate extrapolation of what has been achieved
at RHIC, with one exception: the number of bunches is increased from 111 to up
to 1160. The total proton current, however, is increased only by a factor of three.
Injection and acceleration will be done with 290 bunches. At the maximum beam
energy in storage mode, the bunches will be adiabatically split in two steps into 1160
bunches. Note that in the absence of strong hadron cooling, a maximum luminosity
of 0.43 x 10%* cm~2sec ™! is achievable with 580 bunches (see Appendix ??).

e A rapid cycling synchrotron (RCS) located inside the RHIC tunnel serves as a polar-
ized full-energy injector for the electron storage ring.
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e The maximum electron beam-beam parameter does not exceed ¢, = 0.1, a level that
has been routinely achieved at the B-factories KEKB [18] and PEP-II[19]. The electron
ring will be operated near the integer betatron resonance to mitigate the beam-beam
effect while simultaneously minimizing the impact of systematic depolarizing spin
resonances.

e The RF power required to replace the power of the synchrotron radiation emitted by
the beam is 10 MW. This corresponds to a linear synchrotron radiation power load
of 4kW/m, which is equivalent to 37 W/mm? in the arcs. This linear load is less than
half of the corresponding value for PEP-II [19] and KEKB [18]. There is no principle
hard limit of the RF power but 10 MW is considered a practical upper limit.

1.4 Beam Parameters and Luminosity

The luminosity of an electron-proton collider is given by

NpNg

1.1
droyoy,’ (1.1)

L=H-f-

where N, and N, are the number of hadrons and electrons per bunch, respectively, f; is
the bunch frequency, and ¢, and ¢y are the RMS beam sizes (assuming they are the same
for both beams) given by the electron or proton beam emittances ¢, and p-functions at

the interaction point (IP) 7 , as
O—x,y - A/ 8X,yﬁ;kc/y. (1.2)

H is a factor reflecting the impact of the hourglass effect (the impact of the variation of the
beam cross section along the length of the bunch in collisions) and residual effects of the
compensated crossing angle. With the bunch length being close to the vertical p-function
at the IP, the factor H remains above 0.8. For eRHIC, the current limits are taken as 1.0 A
for the protons and 2.5 A for the electrons based on the PEP-II [19] operation with 2.1 A at
9GeV and 3.2 A at 3GeV.

The numbers of particles per bunch N, , are constrained by the beam-beam tune shift pa-
rameters induced by the bunches upon each other,

Tep Npe 1
= £ , 1.3
gx,}/,&? 27T 7€,P€E,P 1 + K]/,x ( )
where 7., are the classical radii of the electrons or protons, respectively, and
o 1
K=Y =_. (1.4)
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Combining these two equations and thereby eliminating the emittances yields

R .
e ey JK,

Cexleyprlpy. )1/4. (15)
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In this form, the luminosity is expressed by the limiting factors, the beam currents I, and
Iy, the beam-beam tune-shift parameters ., the p-functions at the IP, and the beam
size ratio K,. We see that for flat beams, K, < 1, one gets a significant enhancement
factor of the luminosity as compared to round beams (K, = 1). For this reason, the beam
parameters are optimized around a value of K, = 0.08 which enhances the luminosity by
a factor of ~ 1.5 as compared to a round beam scenario.

Colliding beam experience at RHIC suggests the beam-beam parameters ¢, for the protons
are bounded by beam stability considerations at values of ¢, ~ 0.015, while the electrons
can, with sufficient synchrotron radiation damping, reach ¢, = 0.1 according to experience
at the B-factories. Beam currents are assumed to be limited by the bunch current values
achieved in RHIC [21] and by total beam currents achieved in PEP-II [19].

High luminosity obviously requires small values of the B-functions at the IP. There are a
number of constraints which limit the S-functions:

e For flat beams, the vertical p-function at the IP is smaller than the horizontal one.
The vertical B-function is limited by the length of the proton bunch via the hourglass
effect. The proton bunch length in turn is limited by intra-beam scattering. The
minimum value is about 5 cm for the highest luminosity case with 1160 bunches.

e An important part of the EIC physics program is the measurement of the spatial dis-
tribution of the gluon density of the hadrons. This requires detection of protons that
are scattered under a small angle. The acceptance for such low transverse momen-
tum scattered protons (low-p;) depends strongly on the horizontal divergence of the
beam at the IP and gives rise to another limitation for the horizontal B-function and
K. The horizontal divergence is proportional to 1/ ,Bip)l/ 2. In order to accept scat-
tered particles with p; = 200 MeV/c, the horizontal p-function of the hadron beam
should be about 1m. The design values are f7, = 90cm and ;, = 4cm.

e Small B-functions at the interaction point (IP) imply large S-functions in the strong
final focus quadrupoles. Very large B-functions in quadrupoles cause a strong effect
on the tune and the optics for off-energy particles, referred to as chromatic effects.
Chromaticity needs to be compensated to provide sufficient space for a stable work-
ing point for the beam in-between nonlinear resonances. Chromaticity correction is
accomplished by nonlinear sextupole fields in the accelerator arcs. This in turn intro-
duces a dynamic aperture limit and increases the width of nonlinear resonances to be
avoided by reducing the tune footprint. Sufficient beam lifetime requires a minimum
dynamic aperture. Beyond a certain value of chromaticity, the stability requirements
for the beam cannot be fulfilled. This threshold value depends on other parameters
such as phase advance per arc FODO cell and number of sextupole families. An ap-



12 CHAPTER 1. ERHIC OVERVIEW

proximate rule is that the IR chromaticity should not contribute more than about one
third to the total natural chromaticity.

In summary, the general concept of achieving high luminosity is the same as that fore*e™-
colliders:

Luminosity is increased by running with the highest beam currents, using flat beams, low
emittances, and low B-functions at the IP. Focusing magnets are installed as close as pos-
sible to the IP. The beam current is distributed over many, closely spaced bunches, while
the charge per bunch is relatively low. These choices mandate a crossing angle collision
geometry.

Table 1.1 in Section 1.2 shows the beam parameters for the highest luminosity. The highest
luminosity is achieved for an electron beam energy of 10 GeV and for a proton beam energy
of 275GeV. Both the pf* and emittances of both protons and electrons are larger in the
horizontal plane than in the vertical plane, resulting in flat beam profiles at the IP. Unequal
emittances are natural for the electrons in a storage ring. For protons, however, the beam
tirst needs to be pre-cooled at low energies using electron cooling. Subsequently, kicker
noise is applied in the horizontal plane to increase the horizontal emittance to its desired
value. Experimentally, it is known that such emittance asymmetries can be stable in RHIC
for long storage times.

Maximum luminosity is achieved with an electron beam energy of 10 GeV and a proton
beam energy of 275 GeV which corresponds to a center-of-mass energy of 105GeV. For
larger electron energies, the rapidly increasing synchrotron radiation power scales with
the electron energy to the 41" power, P « E2. This requires reducing the electron current by
the same factor to keep the total synchrotron radiation power below the limit of 10 MW.
At the highest electron energy of 18 GeV, the electron current is only 0.26 A —nine times
smaller than the maximum value. The loss in luminosity is mitigated by decreasing the
number of bunches by a factor of four and adjusting the transverse beam parameters. The
increase of electron beam emittance, which scales as Eg, is compensated by increasing the
phase advance in the arcs from 60° per FODO cell® to 90° per FODO cell. The overall
result is that the luminosity is reduced by a factor of five as compared to the maximum
value achieved at 10 GeV electron energy.

These considerations result in the luminosity versus center-of-mass energy as shown in
Figure 1.2. The parameters shown in Table 1.1 are derived under the assumption that the
proton beam emittances will remain constant at the very small values of ¢, = 9.6nm and
¢y = 1.5nm. However, the dense hadron beam is subject to substantial emittance growth
due to intrabeam scattering (IBS). IBS must be counterbalanced by strong cooling of the
hadron beam to maintain emittances and bunch length over a reasonable amount of time.
This time needs to be much larger than the time it takes to replace a depleted hadron
beam. Several schemes for strong cooling are considered that promise to yield sufficiently
fast cooling rates to balance emittance growth at the operational parameters of eRHIC. One
of these schemes, called “Coherent Electron Cooling” [22], is being tested experimentally.

3A FODO cell is a lattice structure with alternating gradient quadrupole magnets between the bending
magnets
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Strong cooling is discussed further in Section 1.9.6.

As already mentioned in Section 1.3, the design must enable detection of scattered pro-
tons with a minimum transverse momentum of p; = 200 MeV/c, which at a hadron beam
energy of 275 GeV corresponds to a scattering angle of 730 yrad. The RMS divergence of
the proton beam at the IP must not exceed one tenth of this minimum scattering angle,
o’ < 73 yrad. This requirement, however, may be violated in the vertical plane, provided
the beam divergence in the horizontal plane meets the requirement. A horizontal RMS
beam divergence of 56 yrad allows detection of 50% of all scattered protons with a trans-
verse momentum of 200 MeV/c. eRHIC will be operated for a short time, say 10% of the
time, with a large B that results in this low divergence and thus provides high acceptance
at the expense of reduced luminosity. For the vast majority of the time, about 90 %, eRHIC
will be operated at small B} for high luminosity but reduced acceptance. Because of the
large cross section for small p;, in a short amount of time, a large amount of data can be col-
lected so that there is eventually an equal amount of data at all p; values from 200 MeV /¢
to 1.3 GeV/c. This scenario substantially increases the effective luminosity of the facility.

So far we have only discussed electron-proton collisions. Most of the considerations dis-
cussed in this section apply to ions with only a few exceptions which are addressed below.
Ions are characterized by the number of nucleons, A, and the electrical charge Z - ¢, with
A ~ 2.5Z. The beam-beam tune-shift of the electrons that is assumed to be at the max-
imum tolerable value for the collision parameters with protons is proportional to Z (for
protons Z = 1). In order to maintain the electron tune-shift value in collisions with ions,
the number of ions per bunch, N; has to be reduced by a factor Z. The beam-beam tune
shift for the hadrons is also proportional to Z but is inversely proportional to A. Thus the
ion beam-beam tune shift is reduced approximately by a factor of 2.5 for a constant num-
ber of electrons. In principle, we could benefit from the reduced tune-shift and increase the
number of particles in the electron bunch by a factor of 2.5. However, this would increase
the electron beam current by a factor of 2.5, which is deemed too high. In conclusion, the
electron-ion luminosity is reduced by a factor of Z. However, most of the cross sections in
electron-ion collisions will increase by a factor of A compared to electron-proton cross sec-
tions. Therefore, the event rate of electron-ion collisions is expected to increase by a factor
of approximately 2.5 in electron-ion collisions as compared to electron-proton collisions in
eRHIC. A full luminosity parameter table is shown in section 3.1.1. Note that heavy ion
beams will be unpolarized.

1.5 Beam-Beam Dynamics

The eRHIC approach to achieving stable beam-beam interactions is similar to the HERA
approach: Each beam is assumed to reach the same beam-beam tune shift values as they
did when colliding with a beam of the same species. The beam-beam tune shift as dis-
cussed in Section 1.4 is an established measure of characterizing the strength of the highly
nonlinear interaction of the two beams.

However, for eRHIC, this approach is applied on a higher level of beam-beam strength
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than for HERA, as will be discussed in Section ??. The total beam-beam tuneshift values of
electrons with two collision points in HERA are about the same as for one collision point
in eRHIC. For this reason, comprehensive simulation studies have been performed to en-
sure that the beams remain stable in collisions and that the hadron beam does not suffer
from unacceptably fast emittance growth when colliding with the electron beam. Long
term slow emittance growth is investigated by so called weak-strong beam-beam simula-
tions. With this method one beam is considered static in its transverse and longitudinal
dimensions. This is the equivalent of treating it as a static external field. The other beam is
described by individual particles that are launched in phase space and whose trajectories
are tracked in a complete dynamic model over a large number of turns. This study did not
reveal any unacceptable hadron beam emittance growth for the operational parameters of
eRHIC.

The other effect that might compromise the performance of an electron-ion collider is a
strong coherent interaction between the two beams. Such interactions have been observed
occasionally in HERA but could not be studied systematically. If such a coherent beam-
beam instability occurs, the hadron beam transverse phase space will filament quickly,
which corresponds to a strong effective emittance growth. This would render the hadron
beam useless for high luminosity collision operations.

This issue was investigated for eRHIC parameters using so-called strong-strong beam-
beam simulations. Both beams are described by super-particles in a complete dynamical
model. The particle distributions at the collision point are used to generate a realistic
beam-beam force. Much mathematical finesse is required to suppress artificial noise due
to the fact that the number of super-particles is much smaller than the number of particles
in a real beam. These methods are not well suited to investigate long term stability of the
beam but are designed to describe short term strong dynamic effects.

The simulations for eRHIC performed with the computer codes BBSS [23] and Beam-
Beam3D [24] indeed revealed a coherent instability such as observed in HERA. A clear
instability threshold has been found for beam-beam tune shift values of the hadron beam
which are twice as large as the eRHIC design parameters. Figurel.3 shows the result of
this simulation.

A particular complication of the beam-beam effect arises from crab crossing as the
“crabbed” bunch exhibits residual deviations from a straight line due to the sinusoidal
crab cavity field. According to simulations, this deviation must be small compared to the
transverse beam size to avoid hadron emittance growth.

The conclusion of the beam-beam dynamics study is that while the eRHIC beam-beam
parameters are fairly aggressive, the simulations predict stable beams in collisions with
only small long term emittance growth.

Further studies are still in progress at this stage of the eRHIC design, for example imperfect
compensation of the crossing angle and residual dynamic effects such as synchro-betatron
resonances, as well as imperfection and spurious dispersion in the crab cavities. Some of
these effects are described in more detail in the body of this pre-conceptual design study.
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Figure 1.3: Coherent beam-beam instability as seen by strong-strong beam-beam simula-
tions using the code BBSS. The number of protons in the upper plot is at 1.6 times the eRHIC
design value of 10'!; the resulting motion is still stable. In the lower plot, the number of
protons is increased to twice the design value. In this case both beams perform unstable
betatron oscillations. Such oscillations will blow up the hadron emittance.

1.6 Layout of the Interaction Region

The layout of the interaction region (IR) fulfills the following requirements:

e To achieve small beam cross sections and high luminosity, the beams are strongly
focused at the interaction point (small f* of order a few centimeters) by low-j
quadrupole magnets, also referred to as final focus quadrupoles.

e The final focus quadrupoles must have sufficient aperture for the large beam size at
their location.

e Large contributions to the chromaticity, which is a set of parameters characterizing
the energy sensitivity of the beam optics, are generated in the low-p quadrupoles.
Chromaticity needs to be compensated by nonlinear sextupole fields which, in turn,
limit the dynamic aperture. The eRHIC IR design balances small f* and tolerable
values of chromaticity.
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e The EIC physics program requires a large acceptance of hadrons scattered under very
small angles off the collision point. The low-p quadrupoles have a large aperture so
that scattered hadrons and neutrons can be detected by detector elements placed
further downstream.

e The beam divergence and therefore the minimum p* is restricted to enable detection
of forward scattered protons with transverse momenta as small as p; = 200 MeV/c.
These particles are then outside the 100 proton beam envelope and are detectable
by near-beam detectors, so-called “Roman Pots,” which are placed on the forward
hadron beam pipe.

e The beams collide under a crossing angle of 25 mrad to separate the electron and pro-
ton beams quickly, to avoid parasitic collisions, and to provide space for a neutron
detector in the forward* direction and the luminosity detector in the forward elec-
tron direction. An important factor is the large bunch frequency of up to 9 MHz,
which corresponds to only ten nanoseconds bunch spacing, required for high lumi-
nosity. The crossing angle effects, in particular the reduced overlap of the two beams
and excitation of synchro-betatron resonances, must be compensated for by using so-
called crab cavities —transverse RF resonators that kick the head and the tail of the
proton and electron bunches in opposite directions in the plane of the crossing angle.
These cavities are placed at a horizontal betatron phase advance of 7r/2 from the in-
teraction point (IP) on both the rear and the forward side, forming a 180° bump. This
causes the bunches to be tilted in-between the crab cavities in the horizontal plane
by exactly half the crossing angle at the IP, and provides (ideally) the same collision
geometry as head-on collisions, thereby avoiding synchro-betatron coupling.

e Strong synchrotron radiation generated by the electron beam can destroy sensitive
detector equipment and make data-taking impossible. Therefore, the electron beam
must not experience dipole fields in the interaction region (IR), certainly not on
the forward side upstream of the IP. This is another strong reason why the two
beams must collide at a crossing angle. Synchrotron radiation generated in the low-
B quadrupoles on the electron-upstream side (the forward side of the IR) should be
absorbed on the rear side of the IR as far as possible from the detector to minimize
backscattered photons. This requires an extra large aperture for the electron low-p
quadrupole magnets on the downstream side of the IP.

e Both the light hadron (protons, deuterons, He) and electron beams are spin polar-
ized. Polarization is only stable if the polarization direction coincides with the direc-
tion of the guide field in the arcs. In collisions, the spins are oriented longitudinally.
Thus, the IR design accommodates pairs of spin rotators that accomplish longitudi-
nal spin at the IP and vertical spin in the arcs. The spin rotators in the hadron ring al-
ready exist and are unchanged in this design. The spin rotators for the electron beam
consist of two pairs of strong solenoids with quadrupole magnets in-between each
pair, which are tuned such that the x-y coupling by the two solenoids cancels. This

4The IP separates the IR into a forward and a rear side or direction. The forward side is the side of the
proton beam coming from the IP and the rear side is the side of protons going to the IP.
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set of four solenoids is required on each side of the IP. The beam transport between
the rotators is “spin transparent.” This means the magnetic fields in quadrupole
magnets experienced by a particle performing betatron and synchrotron oscillations
cancel between the spin rotators. This translates into beam optics spin matching con-
ditions.

e The IR layout must provide room for a luminosity monitor on the rear side. This
monitor detects hard y-rays that are generated in the Bethe-Heitler process and ex-
ploited for luminosity measurement. The dipole magnet bending the electrons away
from the path of the 7y beam is at the same time a spectrometer magnet.

e On the forward proton side, a neutron detector is required. A dipole magnet bends
the hadron beam away from the collision axis to provide space for this element.
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Figure 1.4: Schematic layout of the interaction region (top view, as simulated for high di-
vergence, no cooling). Beams cross at an angle of 25mrad. Note the length scales for the
horizontal and vertical axis are very different. The IR design integrates focusing magnets
for both beams, luminosity and neutron detectors, electron taggers, spectrometer magnets,
near-beam detectors (Roman pots for hadrons), crab cavities, and spin rotators for both
beams. The two beams are focused by quadrupole doublets. On the hadron-forward side,
there are separate focusing magnets which are partially longitudinally interleaved. The first
quadrupole magnet for electrons is integrated into a hadron spectrometer dipole. On the
rear side, hadrons and electrons are focused by quadrupoles which are installed side-by-
side in the same cryostat. The maximum p-functions in the IR for hadrons of 2000 m remain
within the operating range of RHIC, while the maximum B-functions for electrons remain
below 860 m.

Figure 1.4 shows a schematic of the top-view of the IR with 25 mrad beam crossing angle
which satisfies all these conditions. For high luminosities, the B-functions at the IP are
required to be as small as possible. In the case of 10 GeV electrons colliding with 275 GeV
hadrons, the f-functions are f}, = 43cm, B, = 5cm, 3, = 90cm, and By , = 4cm (see
Table 1.1). To avoid generation of an excessive amount of chromaticity generated in the
low-B quadrupoles, these magnets should be placed as close as possible to the interaction
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point. Special quadrupole magnets are needed to focus the two beams with the conditions
and constraints mentioned above.

On the forward side, electron and hadron quadrupole magnets are partially interleaved.
The first magnet is a room temperature spectrometer magnet with a very large aperture;
located inside the aperture of the spectrometer magnet there is an electron quadrupole,
which is shielded from the dipole field by an anti-dipole magnet. Further downstream
the electron beam is shielded from the strong fields of the superconducting hadron
quadrupoles by return yokes with designated cut-out regions which provide a field-free
region for the electron beam. A strong dipole magnet is required on this side of the IP to
steer the hadron beam away from the path of neutrons that are detected in the downstream
neutron detector placed in this area as well.

On the rear side, the superconducting focusing magnets for electrons and protons are in-
stalled side-by-side in the same cryostat. The cross-section of the first quadrupoles on the
hadron-rear side is shown in Figure 1.5. A steel return yoke shields the electron beam
from the field of the hadron quadrupole magnets. Electron quadrupoles have an extra
large aperture to provide sufficient space for the synchrotron radiation fan generated by
the forward-side quadrupoles and must be absorbed further downstream, far away from
sensitive detector components. The electron beam is steered away from the path of -
radiation created by electron-hadron scattering (Bethe-Heitler), which is used to measure
luminosity. The bending magnet acts as a spectrometer magnet for deep-inelastically scat-
tered electrons with low Q. These are tagged as part of the luminosity measurement.
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Figure 1.5: Cross section through the first low-p quadrupole cryostat on the hadron rear side
(electron forward side). The two superconducting magnets, one for hadrons (left) and one
for electrons (right), are separated by a common return yoke structure.
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The maximum B-functions in the low-p quadrupoles for protons are Bx,p = 700m and
ﬁy,p = 2000 m, respectively. For electrons the corresponding numbers are B,, = 860m
and ﬁy,e = 645m. The two beam lines are relatively close, so the early magnets of both
beams need to have limited outside radial dimensions, outside of which the fields must
be low. On the forward side, the apertures for the hadron magnets are considerably larger
than required by the circulating hadron beam to provide sufficient clearance for scattered
hadrons from the IP to be detected further downstream. For further details of IR magnet
properties see Section 3.2.1.

1.7 Spin Rotators

Spin polarization of electron and hadron beams is preserved in beam storage if the spin
orientation in the arcs of the accelerator is vertical. In collision, both electron and hadron
spins are required to be in the longitudinal direction. In order to rotate the electron spin
from the vertical direction in the arcs to the longitudinal direction, a set of magnets called
spin rotators are required and need to be integrated into the interaction region. A second
spin rotator, which rotates the spin back into the vertical direction, is required after the
beam passes the interaction point. Spin rotators are an integral part of the interaction
region and are associated with a number of beam optics conditions as discussed below.

The ends of the arcs surrounding the detectors in IR8 and IR6 accommodate the spin ro-
tators. The proton spin rotators are identical to the ones presently used in RHIC, which
are based on helical dipole magnets. Spin rotators based on helical magnets have been
successfully used for polarized protons in RHIC [25,26]. A helical magnet design leads
to smaller orbit excursion compared with a design based on regular dipoles. The eRHIC
electron spin rotators must operate over a large energy range, up to 18 GeV. Since the orbit
excursion in the dipole magnets (either regular or helical) scales inversely with the beam
energy, a HERA-type rotator would lead to 1 m orbit excursions of 5GeV electrons [27].
Furthermore, the synchrotron radiation power per meter produced by 18 GeV eRHIC elec-
trons is considerably larger than that generated by the 27.5GeV electrons in HERA, due
to the much larger electron current. Reducing the linear power load requires further in-
creasing the rotator length and, correspondingly, the orbit excursion. Therefore, the most
practical solution consists of a spin rotator based on strong solenoid magnets. Solenoidal
Siberian snakes have been used in electron accelerators operating in the 0.5GeV to 1 GeV
range [28].

The spin rotators for electrons are based on interleaved solenoids and bending magnets.
Each of the long and short solenoid modules contains a solenoid (split into two half-
sections), and five quadrupoles that compensate the impact of the strong solenoidal fields
on beam optics and transverse coupling and are required to satisfy the spin matching con-
ditions. The lengths of the solenoids are chosen such that the maximum magnetic field
required is 7 T. The settings for the magnetic fields of the solenoids to achieve longitudi-
nal polarization of the electron beam depend on the beam energy. Optimization of the
solenoidal spin integrals led to the parameters listed in Table 1.2.
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The optics functions through the IR are shown in Figure 1.6. The set of f-functions describ-
ing this coupled case is given in Mais-Ripken parameterization [29]. Betatron coupling
functions are limited to the rotator insertions, which are also made dispersion-free.

Table 1.2: Spin rotator parameters.

Parameter Short solenoid module Long solenoid module
Field integral range [T - m] 20-34 4-122
Solenoid length [m] 5.4 18.
Solenoid spin rotation angle at 18 GeV 32° 116°
Location in the RHIC tunnel RHIC dipole 9-10 RHIC dipole 6-8
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Figure 1.6: 18 GeV electron beam optics in the colliding straight section with the interaction
region, the matching sections, the spin rotators, and dispersion suppressors. In the center
of the plot is the interaction point (IP) with large values of the B-functions on both sides.
The additional  peaks, in this plot denoted by 1, and B, 1, are caused by the coupled B-
functions that vanish outside the rotator. These are drawn on a different scale, shown on the
right hand side of the plot.
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1.8 Electron Storage Ring Design

1.8.1 Storage Ring Overview

The electron storage ring is located in the existing RHIC tunnel, in the same plane as the
ion ring, and has a circumference of 3833.940 m that matches the proton revolution time at
133 GeV, an energy that balances the orbit offsets required for maintaining the revolution
time at 100 GeV and 275GeV, see Section 1.9 Like the ion ring, it consists of alternating
inner and outer arcs in order to have the same revolution time as the ion ring. Figure 1.7
shows a tunnel cross section with the two existing RHIC ion rings, the electron ring, and
the rapid-cycling synchrotron.

As in the present RHIC, there are six arcs separated by six approximately 200m long
straight sections with a potential interaction point (IP) in the middle. These straight sec-
tions are denoted by their geographical positions as IR2 to IR12, with IR12 being in the
North.

The ring is organized as follows:

e Straight section IR 6: colliding beam detector with hadron/electron low-p section,
spin rotators and crab cavities.

e Straight section IR 10: superconducting RF systems, hadron beam abort.

e Straight section IR12: polarimetry, damper systems, special instrumentation, elec-
tron injection and extraction.

e Straight section IR 2: electron source and pre-injector LINAC, strong hadron cooler
facility.

e Straight section IR 4: hadron injection, warm hadron RF.

e Straight section IR 8: 2nd colliding beam detector, spin rotators and crab cavities.

The average arc radius is 380 m, with a dipole bending radius of p = 290 m. The lattice
in the arcs and the non-colliding utility straights is composed of FODO cells. Each of the
main dipoles in the arcs consists of three individual bending magnets, a short, 0.594 meter
long magnet in the center between two longer (I = 3.253 m) magnets, thus forming super-
bends.

In this configuration, the amount of synchrotron radiation can be controlled to ensure suf-
ticient radiation damping for all beam energies between 5 and 18 GeV, thereby providing
sufficient damping decrements in support of the anticipated strong beam-beam parame-
ters of &y, < 0.1 (see below). In addition, the split magnets produce the desired beam
emittance at 5GeV beam energy. Each arc of the electron ring is composed of 16 identical
FODO cells. Each half cell consists of a 0.6 meter long quadrupole, a 0.5 meter long sex-
tupole, a 7.4 meter long dipole triplet, and a 0.25 meter long dipole corrector. The drift
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Figure 1.7: Schematic view of the location of the electron storage ring in the tunnel arcs. The
Rapid Cycling Synchrotron injector is mounted above the collider ring plane.

spaces between the individual magnets are slightly different for the inner and outer arcs
to account for the difference in the average bending radius. Figure 1.8 shows the layout of
one arc FODO cell. At both ends of each arc, two additional FODO cells with individually
powered quadrupoles are used to match the optical functions between the straights and
the arc, and to suppress the dispersion in the straight sections. A missing-magnet scheme
eases the dispersion matching.

The specific horizontal emittances required at different energies are realized by a combi-
nation of FODO cell phase advances in the arc, and utilizing the super-bends, while the
vertical emittance is controlled by applying a vertical dispersion bump. At a beam energy
of 18 GeV, the phase advance per arc FODO cell is set to 90°, while at 5 and 10GeV it is
reduced to 60°. The vertical phase advance is set to the same value in order to maximize
the dynamic aperture [2]. These different phase advances require a flexible chromaticity
correction scheme, based on four families for a FODO cell phase advance of 90° and 6 fam-
ilies for a 60° phase advance. The parameters of the beam optics of the arcs for different
beam energies are shown in Table 1.3.

A large number of constraints have to be fulfilled to match the interaction region into the
arcs. The small B-functions at the IP result in large B-functions in the low-f quadrupoles.

The horizontal B-functions are intentionally large at the crab cavities in order to lower the
required cavity voltage. Together with the large B-functions in the final focus quadrupoles,
these contribute significantly to the chromaticity. The solenoid spin rotators induce beta-
tron coupling. This coupling is compensated by splitting each solenoid into two individ-
ual magnets with a system of five individually powered quadrupoles between them. Spin



1.8. ELECTRON STORAGE RING DESIGN 23

301
E 251
I;_20-

157

]

N

| ]
L] 1

|
L
=5

0.0 25 5.0 75 100 125 150 175  20.0

Figure 1.8: One arc FODO cell for an outer arc cell. The lengths of individual components
are to scale.

matching is accomplished by adjusting the independent quadrupole circuits in the inter-
action region. Figure 1.6 shows the colliding straight section with the interaction region,
matching section, dispersion suppressors, and spin rotators.

1.8.2 Maintaining Radiation Damping and Emittance Control for 5 GeV Elec-
tron Beams

Radiation damping allows the electron beam to have a large beam-beam tune shift. While
sufficient radiation to allow a large beam-beam tune shift is produced at higher energies,
simply scaling down the dipole fields for lower energies does not result in sufficient radi-
ation damping to allow for the same large beam-beam tune shift. The radiation damping
for 11 GeV still corresponds to the damping decrement § = 1/(f - Txy) of KEKB, where
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Table 1.3: Parameters of the electron storage ring (eSR) beam optics in the arcs for differ-
ent beam energies. At the lowest energies E, < 10GeV, the short dipole in each half-cell is
reversed, thus creating a super-bend. This increases radiation damping and damping decre-
ment, provides the required beam emittances, and prevents the bunch length from becoming
too short.

Parameter 5GeV 10GeV 18 GeV
Phase advance per cell [degrees] 60 60 90
Horizontal emittance [nm] 20 20 24
Relative energy spread [10%] 6.8 5.8 10.9
Transverse damping time [turns] 5480 4650 720
Natural chromaticity x/y -96.2/-89.5 -96.2/-89.5 -101.2/-99.6
Momentum compaction factor [10~3] 2.5 2.5 1.2
Quadrupole strength kqp [m~2] 0.175 0.175 0.248
Quadrupole strength kqp [m~2] 0.175 0.248 0.248
Hor./Vert. sextupole families /sextant 3 3 2
Arc B7% [m] 33.4 334 329
Arc f7* [m] 33.4 33.4 329
Arc maximum dispersion [m] 1.24 1.24 0.67
Quadrupole aperture requirement x/y [mm] 30/30 30/30 30/30

Ty,y denotes the horizontal and vertical damping time and f. is the revolution frequency.

The solution to this is to place three dipoles, instead of a single dipole, between the arc
quadrupoles. At energies of 10 GeV and above, all three dipoles have the same field. At the
lowest energy (5 GeV), the central dipole will have a higher field (0.46 T) and reversed po-
larity. This will increase synchrotron radiation sufficiently to reduce the transverse damp-
ing times to 50 msec which gives a damping decrement comparable to that realized in
KEKB. This arrangement will also increase the beam emittance close to the 10 GeV value
whereas the total synchrotron radiation power is less than half the 10 GeV value (3.2 MW).
Figure 1.9 shows schematically the dipole configuration and orbits at different energies.

There are three impacts associated with this scheme:

e The orbits are different for each energy, requiring wider dipoles and a wider vacuum
chamber.

e The additional drifts between dipoles reduce the dipole packing fraction, leading
to additional undesirable synchrotron radiation losses at higher energies due to the
higher required dipole fields.

e Higher dipole fields are required for the center dipole when operated at 5 GeV.

The parameters of the electron storage ring are summarized in Table 1.4.
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Figure 1.9: Schematic view of beam orbits and 10 o envelopes in the split dipole magnets for
various beam energies.

Table 1.4: Parameters of the electron storage ring lattice.

Parameter Value
Path length in dipoles per half-cell [m] 7.4
Bend angle [mrad] 25.5
Number of split dipoles in the entire ring 192
Drift space between split dipoles [m] 0.15
Transverse Damping decrement [1074] 1.3-10.6
Minimum Beam Energy [GeV] 5
Length of strong center dipole [m] 0.594
Field strength of center dipole [T] at 5GeV, 18 GeV -0.456, 0.248
Max. Difference between 5GeV and 18 GeV orbits [mm)] 14
Length of weak and long dipole [m] 3.253
Field strength of center dipole [T] at 5GeV, 18 GeV 0.113, 0.248

1.8.3 Electron Spin Polarization in the Storage Ring

The collision of longitudinally polarized electrons is a key requirement of the electron-ion
collider, and a large effort has been undertaken to ensure good polarization of the electron
beam during collision operation. The evolution of beam polarization in electron storage
rings is defined by two processes related to synchrotron radiation, namely Sokolov-Ternov
self-polarization and depolarization caused by synchrotron radiation quantum emission.
The self-polarization process leads to a slow buildup of electron polarization in the direc-
tion opposite to the vertical guiding field, up to a maximum level of 92.4% in an accelerator
without spin rotators and with sufficiently weak spin resonances. However, the presence
of spin rotators, super-bends, and strong spin resonances reduces the equilibrium polar-
ization level. An important quantity is also the self-polarization time, which has a strong
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Figure 1.10: Sokolov-Ternov electron spin polarization time as a function of electron beam
energy. The depolarization for spin parallel to the magnetic guide field due to the Sokolov-
Ternov effect becomes important for beam energies well above 10 GeV. At 18 GeV, electron
bunches with polarization in the direction of the guide field have to be replaced every
six min.

dependence on the beam energy. The self-polarization time as a function of beam energy
for an eRHIC storage ring placed in the present RHIC tunnel is shown in Figure 1.10. The
calculation takes into account the split dipole structure which enhances the synchrotron
radiation at energies below 10 GeV. Nevertheless the self-polarization time is quite long
over the entire energy range, except approaching 18 GeV where it drops to about 30 min-
utes. This demands a full energy polarized electron injector, so that the electron beam
is injected into the storage ring with high polarization (=~ 85%). One benefit of the long
self-polarization time is that spin patterns containing bunches of opposite polarization ori-
entation can be efficiently used.

The HERA collider had a successful electron spin program with an electron energy of
27.5GeV. Electrons collided with hadrons in three interaction points (one of them was a
fixed target) that required three pairs of spin rotators [30]. The polarization was between
45 and 55%, limited by the slow Sokolov-Ternov time (24 min) and the low rate of reli-
able polarization measurements in presence of slow drifts of the closed orbit. Essential for
the success of spin operations in HERA was a spin matched optics between spin rotators
around each interaction point (IP). Spin matching requires a set of beam-optical conditions
where the small spin rotations experienced during betatron and synchrotron oscillations
due to the fields of the focusing magnets and solenoids cancel for all particles in the beam,
thus zeroing spin rotations to linear order in transverse and longitudinal phase space vari-
ables. Spin matching for eRHIC includes the effects of all quadrupole, dipole, and solenoid
fields (see Sections ?? and ?? for details).

Another important element of high polarization in HERA was the introduction of har-
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monic orbit bumps [27] in the lattice to cancel the driving terms of spin imperfection reso-
nances by residual dipole fields due to orbit distortions in the arc. It was also essential that
the betatron tunes were chosen close to the integer resonance Q,, = 48.08,48.12, as far
away as possible from the half integer depolarizing resonance. The plans for high electron
polarization operation in eRHIC are based on the successful HERA spin program.

The main challenge of spin dynamics in the eRHIC storage ring is to preserve the high
polarization level of the injected beam, which implies that beam energies must be chosen
far from spin resonance conditions. The required time scale of polarization preservation
is defined by the time interval between electron bunch replacements. Depolarizing effects
are dominated by spin diffusion caused by the quantum nature of synchrotron radiation
emission. In the presence of synchrotron radiation related spin diffusion the equilibrium
polarization is described by the Derbenev-Kondratenko formula [31]. The depolarizing
time 74y is defined by the diffusion rate of the beam energy spread and the sensitivity of
the stable spin solution 7 to the particle energy,

1 1,| on
~ ,< N
Tdpl 2 a’)’

2d(6y/7)
T>9 (1.6)

where 1 is the relativistic factor and the averaging inside the angle brackets is performed
over the accelerator azimuth 0 and over the beam phase space. The strength of depolariz-
ing effects generally increases as E7, thus making it more difficult to maintain high polar-
ization in storage rings at higher energies [32]. The accelerator technology used to achieve
high polarization at high energies includes highly efficient orbit correction, beam-based
alignment of beam position monitors relative to quadrupole field centers, and harmonic
spin matching [32]. The control of betatron coupling is also essential to maintain high lev-
els of polarization. These tools mitigate the effects of imperfection spin resonances and
their synchrotron sidebands. In addition, the intrinsic resonances must be narrow enough
to preserve high polarization, at least at energies far enough away from spin resonance
conditions.

As discussed above, the eRHIC storage ring uses split dipoles to increase the damping
decrement at lower energies. Such enhanced synchrotron radiation increases the spin dif-
fusion rate. Thus, careful attention has been paid to the possibility of enhanced depolar-
ization at lower energies.

Similarly, the effect of beam-beam interactions on polarization requires consideration. One
concern is the large electron beam-beam tune spread that might effectively widen the in-
trinsic spin resonances. In HERA, the effect of beam-beam interactions on polarization
was not critical. However, in case of positron-proton collisions, it was observed that non-
colliding positron bunches had a smaller polarization in collision mode because the tunes
were optimized for colliding bunches. For electron-proton collisions, the opposite effect
was observed [33]. This observation, however, raises a concern for the eRHIC polariza-
tion. The beam-beam tune shift is about the same in eRHIC compared to HERA (taking the
sum of the beam-beam tuneshifts from the two interaction points in HERA which is to be
compared with a single collision per turn in eRHIC). Moreover, the amplitude dependent
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tune shift for large amplitude particles needs to be carefully considered. This beam-beam
tune spread might push a significant part of the electrons away from ideal tunes for good
polarization.

The spin tracking study for eRHIC indicates that the polarization levels at 18 GeV electron
beam energy in eRHIC will be at least similar to the polarization levels achieved in HERA.
At lower energies, significantly higher polarization levels are expected.

Polarization tuning to eliminate imperfection resonances is expected to be easier in eRHIC
than it was in HERA. A much more efficient polarimeter design and the frequent injection
of fully polarized bunches is expected to speed up the tuning process by a factor 10-100
compared to HERA.

1.8.4 Electron Storage Ring Dynamic Aperture

The dynamic aperture of the electron storage ring is critical. With their maximum g-
functions of ~ 860m a single interaction region contributes approximately 30% to the
natural chromaticity. A phase advance of 90° per FODO cell is required to achieve the
desired horizontal beam emittance of 20nm for 18 GeV beam energy. At 10GeV, where
the highest luminosity is achieved, the optimum betatron phase advance in the arcs is 60°
per FODO cell. The total natural chromaticity including one IR is ¢y, ~ —100. At 18 GeV,
the interaction region contributes chromaticities of c'jgfy ~ —30. The dynamic aperture for
on-momentum particles is maximized by using a two-family sextupole correction scheme
to set the chromaticities to ¢, = +1. However, the large off-momentum p-beat generated
by the low-B quadrupole magnets causes a large nonlinear chromaticity that deteriorates
the off-momentum dynamic aperture. The strategy to recover off-momentum dynamic
aperture is two-fold:

e Achieve as much intrinsic compensation of (ABy,/Bxy)/(Ap/p) by optimized be-
tatron phase advances between the sources of chromaticity. However, this is con-
strained by the spin matching conditions and the special phase advances between
crab cavities and IP.

e Arrange the sextupoles in the arcs in families which are tuned to create an off-
momentum p-beat that cancels the off-momentum S-beat from the IR, while avoiding
the generation of nonlinear resonance driving terms.

In addition, sextupoles in the dispersion-free straight sections, called ”geometric sex-
tupoles,” may be used to minimize residual contributions to driving terms of nonlinear
resonances.

The six eRHIC arcs consist of 16 regular periodic FODO cells and have, at each end, three
FODO cells for dispersion matching, which are not identical to the regular cells. For the
60° optics for a beam energy of 10 GeV, a scheme with a structure of 32 sextupole magnets
(16 horizontally focusing and 16 vertically focusing ones) per arc is applied. They are pow-
ered in three horizontal and three vertical families, labeled by A}, ,, By, ,, and Cj, ,,. Vertically
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focusing sextupoles are interleaved with the horizontal ones; the scheme is the same. Sex-
tupoles belonging to the same family are always spaced by 180°. This implies that driving
terms for off-momentum B-beat accumulate over the sextupoles of the same family and
thereby maximize the potential for compensation of the p-beat from the IR. The contribu-
tions to nonlinear driving terms from sextupoles of the same family, however, cancel, so
that non-linear effects are only created in higher order. Since the f-wave generated in the
IR arrives at each arc with a different phase, the sextupole families need to be re-optimized
in each individual arc.

This scheme produces an on-momentum dynamic aperture of +22¢, and provides a mo-
mentum aperture of 120;,. These values are believed to provide sufficient margin to ac-
commodate magnetic imperfections and effects of misalignment. An additional margin
is provided by non-chromatic sextupoles in the straight section, which have not yet been
optimized. Figure 1.11 shows the dynamic aperture for different values of the relative
momentum offset Ap/p in the (x,y) plane.
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Figure 1.11: Dynamic aperture in the (x,y) plane for different values of the momentum

offset Ap/p.

The beam optics for 18 GeV with a phase advance of 90° requires a different strategy. With
a phase advance of 90°, two sextupoles in neighboring cells (horizontally focusing or verti-
cally focusing, respectively) will generate an off-momentum p-beat if the two strengths are
different. Sextupoles in successive pairs with the same strengths will add to this B-beat.
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However, there is no control over the phase of that B-beat. For this reason, the phase of the
beat which comes from the IR needs to arrive with the correct phase at the first sextupole
in the regular arc.

The betatron phase needs to be optimized between the six arcs in order to enable all sex-
tupoles for correction of second order chromaticity. Alternatively, one can arrange that
the first arc corrects only the cosine-like part of the B-beat and the next arc which would
be spaced by a horizontal and vertical betatron phase difference from the first arc of
(2k +1)7t/4 (k integer) to correct the sine-like component of the B-beat (phase referring
always to the first regular sextupole in the arc adjacent to the IR). The 18 GeV lattice is not
fully optimized yet and is not further discussed. In case of unexpected difficulties, it will
be possible to run with a 60° lattice at this energy which would result in some luminosity
loss.

1.8.5 Collective Effects in the eRHIC Electron Storage Ring

We have considered coherent instabilities, intrabeam scattering, and Touschek scattering.
Emittance growth times due to intrabeam scattering in the electron storage ring are of or-
der minutes, much longer than the 50 msec radiation damping times. Touschek lifetimes
are hours —much longer than the bunch replacement time required to compensate polar-
ization loss. Coherent instabilities in the electron ring have been studied using a modified
version of TRANFT [34], which was used during the design of NSLS-II. The code has
evolved to simulate both single bunch and coupled bunch instabilities by tracking typi-
cally five bunches and assuming a uniform fill pattern. This allows one to use a few times
10° simulation particles per bunch when doing coupled bunch calculations.

Table 1.5: Electron Beam Parameters for |Z/n| = 0.1 Q). A uniform fill of 630 bunches was
assumed for coupled bunch effects.

Parameter 5GeV 10GeV 18GeV
RF voltage (h = 7560) [MV] 12 24 68
o 31 31 41
Veyneh [MV] 1.3 3.6 38
N, [101°] 26 42 40
o(p)/p (Z/n=0) [104] 6.8 5.5 10.9
o(p)/p (Z/n=0.1) [107*] 7.5 5.6 10.9
0 (Z/n =0.1) [mm] 9.6 7.5 8.7

Simulations were done for 5, 10, and 18 GeV, and the results are summarized in Table 1.5.
The code tracks three dimensions but the longitudinal and a single transverse dimen-
sion are subjected to wake forces. The other transverse dimension is included so that the
beam beam force has the right distribution. The calculation includes the short range re-
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sistive wall wake scaled from NSLS-II, coherent synchrotron radiation, and narrow band
impedances. The dominant narrow band transverse impedance is from resistive wall and
was modeled as a low frequency resonantor. The main longitudinal HOM is from the RF
cavities.

The beam-beam force was sufficient to damp transverse coupled bunch modes, and a lon-
gitudinal damper with a gain of Im(Q,) = .001 was able to suppress the coupled bunch
longitudinal oscillations. It is envisioned that one would use a transverse pickup in a
dispersive region with closed orbit subtraction and a filter to notch out the betatron oscil-
lations. The beam-beam parameter was set to 0.1 initially but values as low as 0.075 were
found sufficient to stabilize the electrons.

After dealing with the longitudinal coupled bunch modes the threshold intensity was set
by the resistive wall instability. The beam parameters in Table 1.5 are stable against resis-
tive wall and no third harmonic RF system was used. The momentum spreads and bunch
lengths listed in the last two lines include some small impedance induced spread but the
momentum spread is only slightly larger than the Z/n = 0 result.

The ion instability has been studied as well. A computer code has been written and, as with
impedance driven instabilities, the beam-beam force is the dominant transverse damping
mechanism. The code is still being benchmarked against analytic estimates, Elegant and
data but we are confident the results fairly good. We find that H2 is not a problem for any
reasonable pressure. For carbon monoxide we found maximum partial pressures. For 20
ns bunch spacing with 599, 55 nC electron bunches, a partial pressure of 0.31 nTorr was
stable. For 10 ns bunch spacing with 1160, 28 nC electron bunches, a partial pressure of
0.12 nTorr was stable. We note that these are averaged over the electron storage ring, and
not peak values. This appears challenging, but reasonable.

1.9 Hadron Ring Design

1.9.1 Lattice Design

The present RHIC and its injector complex remain, for the most part, unchanged when
becoming a part of eRHIC. In particular, the arcs with their superconducting magnet struc-
ture will remain the same as the present RHIC. Some modifications are necessary or desir-
able. eRHIC hadrons will circulate in the “Yellow” ring while the “Blue” ring will remain
in place as well. The sextant between IR6 and IR4 of the Blue ring will serve as a trans-
fer line and the beam will be injected in IR4. New injection kickers with faster risetime
will be placed in IR4. Some modification of the RF system is necessary to accommodate
the 290 bunches at injection and to accomplish the splitting into 1160 bunches. Space for
more RF cavities will be provided in IR4 and IR10. The non-colliding straight sections
(utility straights) will be simplified by removing the DX magnets®, in order to simplify the

5DX separator dipoles on each side of each IP put the two hadron beams of present RHIC onto the common
head-on collision orbits. The D0 dipoles at the entrance of the quadrupole triplets put the two RHIC beams
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geometry and provide space for the electron ring crossover from inner to outer arcs and
vice versa. Studies are underway to investigate whether the DO magnets can be removed
as well. The sextant between IR2 and IR12 of the Blue ring will be used to circulate low
energy hadrons at 41 GeV which then have the same revolution time as electrons, despite
their reduced velocity.

1.9.2 Keeping the Hadron Revolution Frequency Constant for All Beam Ener-
gies

Proton and ion beams are not ultra-relativistic in the energy range of an electron-ion col-
lider. In eRHIC, the proton beam energy is chosen to vary between 41 GeV and 275 GeV.
If the beam orbit was the same, the revolution time would vary by 3.3 nsec between these
two beam energies. In order to maintain synchronization with the ultra-relativistic elec-
trons, the hadron orbit will be shortened by up to 94cm for the lowest hadron energies
(41 GeV).

This is accomplished in the following way:

The hadrons circulate counterclockwise in the Yellow ring. In the arc between IR2 and
IR12, the high energy beam (in the 100 to 275 GeV energy range) travels in the outer arc
(part of the Yellow ring), while the 41 GeV beam passes through the inner arc (part of the
Blue ring). The inner and outer arc radii differ by 88 cm, and an inner sextant is 94.2cm
shorter than an outer one. This path length difference allows for synchronizing 41 GeV
hadron beams with the electrons. For energies of 100 GeV and higher, the outer arc be-
tween IR2 and IR12 is used. If the beam passes through the quadrupole centers, a proton
beam of 133 GeV would be synchronized with the electron beam. For the beam energies
275GeV and 100 GeV the synchronization is accomplished by +14mm and —14 mm ra-
dial shifts, correspondingly, which is well within the acceptance of the 80 mm diameter
vacuum chamber. A 41 GeV, proton beam is synchronized by using the inner arc between
IR2 and IR12.

The corresponding modifications to the RHIC lattice are only relatively minor. This re-
quires some rearrangement of the bus system. The “Blue” ring sextants used for injection
and low energy running must be powered with reversed polarity. The superconducting
magnets of RHIC are protected by cold diodes which in principle must be reversed. How-
ever, an analysis shows that at less than 20% of maximum magnet excitation, this protec-
tion is not required. Thus modification of the RHIC lattice and magnet system for eRHIC
are fully reversible and are accomplished with relatively little effort.

1.9.3 Hadron Ring Dynamic Aperture

The strong focusing of the hadrons at the collision point causes maximum B-functions in
the low-B quadrupoles of f; = 700m and B, = 2000m. The contribution to the natu-
ral chromaticity generated in one IR amounts to {, = —30 and ¢, = —40, which is 20%

on near-parallel orbits.
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of the contributions from the arcs. This implies a large contribution of the chromaticity
generated in the interaction region that must be compensated by sextupoles in the arcs
in order to confine the tune footprint of the hadron beam to remain within the space be-
tween nonlinear resonance lines. As discussed above, the strength of these resonances is
enhanced by the nonlinear field, and the resonance-free space in the tune diagram shrinks.
As addressed before, there is a maximum amount of IR chromaticity and corresponding
tune footprint which can be accepted. This chromaticity limit is determined by numerical
particle tracking to verify that the dynamic aperture is sufficiently large. The numerical
simulations also include the impact of field errors of the superconducting magnets, the
magnets in the interaction regions, and imperfections such as magnet misalignment.

The dynamic aperture is defined as the maximum betatron amplitude at which particles
are stable over a given number of turns. The long-term dynamic aperture converges to
the boundary between regular and chaotic motion. Experience with RHIC operations in-
dicates that relevant dynamic aperture simulations require tracking over 10° turns. The
stability of a particle is assessed by the analysis of the trajectories over 10° turns, which
allows one to characterize a trajectory as stable or unstable.

The results of such simulations show that the dynamic aperture of the eRHIC hadron ring
amounts to 10 ¢ at injection and 6 ¢ at high luminosity operation. The simulation includes
the beam-beam effect in weak-strong approximation. These are the same values as ob-
tained for present RHIC.

1.9.4 Electron Cloud Effects

Electron clouds are a serious concern for the ion ring with 1160 bunches and 0.6 x 10!
particles per bunch. Electrons produced in the beam vacuum chamber by ionization of the
residual gas by the beam may get accelerated by the following bunches and hit the vac-
uum chamber wall, thereby releasing more electrons from the wall. This mechanism can
create an electron avalanche that builds up rapidly as the bunch train passes by. The con-
sequences include high cryogenic losses and beam instabilities. Next to beam current and
bunch parameters, the key parameter that determines the seriousness of the electron cloud
effect is the secondary emission yield (SEY, number of emitted electrons from the surface
per incident electron) of the vacuum chamber material. We assume that the stainless steel
beam pipe of RHIC will be coated with copper and that we will be able to improve the
secondary emission coefficient by scrubbing the surface by beam operation to the level
achieved in the LHC [35]. An initial simulation using the computer code CSEC [36] and
a model for the wall parameters in the scrubbed LHC showed dangerous electron clouds
both for the LHC and for eRHIC, with LHC being slightly worse. Due to lack of a liner,
eRHIC requires a stronger suppression of the electron cloud mechanism than LHC in order
to keep the cryogenic load within tolerable limits of Pj,,g < 1 W/m. This is planned to be
achieved by an additional layer of coating consisting of amorphous carbon. For electron
clouds we are collaborating with CERN in understanding and reproducing their results.
In the end we know that electron clouds in the LHC are difficult but tractable. There is
currently no reason to believe otherwise for eRHIC.
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1.9.5 Intra-beam Scattering

The effect of multiple Coulomb scattering of charged particles off each other inside a
bunched beam, taking into account the Lorentz boost, is known as Intra-Beam Scattering
(IBS) [13]. This causes emittance growth in all oscillation planes of the beam. This effect
limits the high beam density needed for high luminosities, and it affects the luminosity
lifetime and the average luminosity. Beam parameters must be chosen to achieve an IBS
growth time of several hours given the beam setup time of typically one hour, unless the
emittance growth can be overcome by strong active cooling of the beam. Table 1.6 lists
the beam parameters and calculated IBS growth times for the eRHIC design parameters of
protons at 41 GeV, 100 GeV, and 275 GeV.

Table 1.6: eRHIC proton beam parameters.

Parameter | 41GeV  100GeV  275GeV
Bunch intensity [10'°] 2.6 6.9 6.9
RMS Horizontal normalized emittance [mm mrad] 1.9 4.0 2.8
RMS Vertical normalized emittance [mm mrad] 0.45 0.22 0.45
Longitudinal bunch area [eV sec] 0.2 0.4 0.7
RF frequency [MHz] 197 591 591
RF voltage [MV] 10.5 16.1 28
RMS momentum spread [10~4] 10.4 9.0 6.6
RMS bunch length [cm] 75 7 6
Longitudinal emittance IBS growth time [hours] 3.8 2. 3.4
Horizontal emittance IBS growth time [hours] 34 2.3 2.0
(without coupling)

For the high luminosity parameters as listed in Table 1.6, beam growth due to IBS is signif-
icant, and strong cooling is required to maintain the beam density and the luminosity over
a reasonable store time of at least several hours. These parameters are based on reuse of
the existing 197 MHz RHIC RF system, and the addition of a new 591 MHz RF system for
the hadron ring. The results are based on complete decoupling of horizontal and vertical
betatron motion. This is also essential to maintain unequal emittances in the horizontal
and vertical plane. Very good vertical orbit control is also mandatory to avoid any sig-
nificant vertical dispersion. With strongly suppressed vertical dispersion, there will be no
significant emittance growth due to IBS in the vertical plane.
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1.9.6 Hadron Ring Strong Beam Cooling

Highest luminosity in an electron-ion collider can only be achieved by introducing a strong
beam cooling mechanism that counteracts IBS, which would otherwise cause a rapid in-
crease of emittance and reduction of luminosity. Moreover, the hadrons that gained large
transverse and longitudinal amplitudes by IBS experience a strong nonlinear beam-beam
force imposed by the electron beam that would enhance halo formation and experimen-
tal backgrounds. Thus, with the parameters required for high luminosity, the hadron
beam would quickly become unusable without cooling and would have to be replaced
frequently. As the turn-around time of superconducting RHIC is about one hour due to
the magnetic cycle of the RHIC main magnets and spin rotators and the filling time at in-
jection, the increase of peak luminosity above a certain level of performance would lead to
a reduction of average luminosity.

The eRHIC High Luminosity parameters (see Tables 1.1 and 1.6) were selected to have an
IBS growth time €/ (de/dt) of no less than two hours in order to ease the requirements on
the hadron cooler.

Stochastic cooling is a well established cooling mechanism for hadrons that was pioneered
at RHIC for bunched ion beams. It is used very successfully for cooling of gold beams in
RHIC operations and has enhanced the luminosity significantly. It would work, in princi-
ple, for protons at high energies, but the cooling rates at typical intensities of eRHIC proton
bunches fall short of the need by orders of magnitude because of bandwidth limitations of
beam pick-up and kicker magnets.

Electron cooling with a DC electron beam is a standard cooling mechanism for hadron
beams that works well at low hadron energies up to a few GeV. For large hadron energies
of multi-GeV, however, this cooling method becomes quite weak as the cooling time scales
strongly with the beam energy as 7°/2, with - being the relativistic factor of the hadrons.
Furthermore, the electrons have to have the same relativistic factor as the hadrons and DC
electron energies of tens of MeV are not available. Using bunched electron beams acceler-
ated by an RF LINAC would mitigate this. However, the cooling of 275 GeV hadron beams
is still extremely challenging with incoherent electron cooling and the effort in cooling in-
stallation becomes unrealistically large because of large required electron beam currents
on the order of amperes.

For this reason we need to consider more advanced approaches for strong hadron cooling.
A novel method of hadron cooling that promises to work at very high hadron beam en-
ergies has been proposed [22]. This method, which is called “coherent electron cooling”,
uses an electron beam to pick up the longitudinal Schottky noise of the hadron beam, and
subsequently amplifies the signal by sending the electron beam through a free electron
laser. The strongly micro-bunched electron beam is then merged with the hadron beam
with proper timing. The electron beam then acts as a kicker to reduce the energy spread
of the hadron beam. Recently, a variant of this method has been proposed, which achieves
the micro-bunching by sending the beam through a chicane or a series of chicanes with op-
timized Rse [37]. This method has limited amplification of the signal but reaches extremely
large bandwidth. A proof-of-principle experiment on a low energy RHIC ion beam is un-
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derway that aims at demonstrating coherent electron cooling with FEL amplification [14].

Figure 1.12 shows the layout of the proposed coherent electron cooling system for eRHIC,
designed to support the storage of hadron beams required for luminosities in the range
of 103 cm~2sec™!. An electron beam generated by a superconducting RF gun is injected
into an energy-recovery superconducting LINAC that provides an energy gain of 150 MeV.
The fully accelerated electron beam of 150 MeV is injected onto an orbit that overlaps with
the orbit of the eRHIC hadron beam in the straight section of IR2 over a distance of 50 m,
which is called the “modulator section”. After this first common section, the hadron beam
propagates through a section with an appropriately tuned Rss = Aper/ (Ap/p)rums to sep-
arate particles with positive and negative energy deviation by a longitudinal distance cor-
responding to the width of the micro-bunch peak of the electron beam. The hadron beam
path length is increased by a chicane which extends over a large fraction of the straight
section.
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Figure 1.12: Schematic of the layout of the eRHIC strong hadron cooling facility. Note that
the vertical scale has been stretched by a factor of ~ 50.

The electron beam is energy-modulated, due to residual fluctuating space charge forces
from the hadron beam. The electron beam passes then through an isochronous chicane
where the energy modulation, caused by the hadron beam density fluctuation, is trans-
formed into a micro-bunching of the electron beam. The density modulation of the electron
beam is then amplified by a mechanism exploiting plasma oscillations: After one quarter
plasma oscillation wavelength, the density modulation is transformed into a, now, even
larger energy modulation, which, after a second chicane, is turned into a stronger den-
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sity modulation. The present stage of the development proposes two amplification stages
to produce a sufficiently strong electron density modulation. The electron beam is again
launched onto the hadron orbit, thereby overlapping with the hadron beam with carefully
adjusted phase. Hadrons with higher energy will be ahead of the electron micro-bunch
and will be decelerated. Hadrons with lower energy will trail behind the electron micro-
bunch and will be accelerated. The energy spread of the hadrons will thus be reduced
after this “kicker” section. Cooling times of ~ 1h are envisioned. Table 1.7 summarizes
the parameters of eRHIC coherent cooling.

Table 1.7: Parameters of the eRHIC coherent electron cooling.

Parameter Value
Hadron energy range [GeV] 41-275
Electron beam energy [MeV] 22-150
Electron beam current [mA] 100
Electron charge per bunch [nC] 1
1st Rsg [m] 24
2nd Rsg [m] 24
3rd Rsg [m] 24
Plasma amplification stages 2
Length of the modulator section [m] 40
Length of the kicker section [m] 40
Cooling time [h] ~ 0.25

1.10 Electron Injection Complex

1.10.1 General Considerations

The requirements on the electron injector complex are driven by the need for polarized
electrons in electron-ion collisions. The electron polarization should be close to 80%. To
suppress systematic errors of the detectors it is necessary to have two electron spin polar-
ization directions simultaneously present in the same store.

In principle, electron polarization in a storage ring builds up by the Sokolov-Ternov effect:
Spin flips are induced in the process of emitting synchrotron light photons. Spin flips from
spin that is parallel to the magnetic dipole field to spin that is antiparallel when emitting
photons are slightly more likely than the opposite spin flip. The differential flip rate leads
to a slow buildup of polarization antiparallel to the magnetic dipole field. Unfortunately,
the polarization build-up time is much too slow to be of practical use at eRHIC electron
energies.
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Consequently, the spin polarization for eRHIC electron beams must be produced at the
source and must be preserved during the acceleration process.

The bunches that are polarized parallel to the magnetic guide field are subject to slow
depolarization by the Sokolov-Ternov effect in the storage ring. At 18 GeV operation, a
bunch replacement rate of once per six min for each individual bunch in the storage ring
is required to keep the time-averaged level of polarization at a level of ~ 70 %, assuming an
initial polarization of the freshly injected bunches of 85 %. Thus the injector has to provide
a new bunch about every second to maintain good polarization of all 290 bunches. At
10 GeV and 5GeV, the depolarization time is much longer and the bunch replacement rate
can be reduced by a factor of at least five.

The RCS injector will deliver electron bunches which are 85% spin polarized at beam en-
ergies up to 18 GeV. In the storage ring the highest bunch charge of 27.5nC is required for
operation at 10 GeV and below. For 18 GeV operation a bunch charge of 11.7nC is more
than sufficient. In order to reach the storage ring bunch intensity of 27.5nC at 10 GeV
tive 5.5 GeV bunches from the injector need to be accumulated in one storage ring bucket.
Thus, at maximum the injector has to deliver 12nC at a 1Hz rate. These bunch charge
and rate requirements are sufficient for operation at all energies with and without hadron
cooling, as shown in Table 1.8.

Table 1.8: Requirements for the electron injector.

Parameter 5GeV  10GeV 18GeV
Ext. Ej from source (y = 1.27) [keV] 350

LINAC energy gain [MeV] 400
Normalized electron emittance after LINAC [um] 20 20 55
Emittances at RCS extraction €,/ &y [nm] 20/2 20/1.2 24 /2
Bunch charge in storage ring [nC] 27.5 27.5 11.7
Number of bunches in storage ring 1160 1160 290
Bunch charge in source and RCS [nC] 5.5 5.5 11.7
Repetition rate [Hz] 2

Bunch replacement period [min] 48.5 48.5 2.4
Bunch replacement period (polar. req.) [min] 70 59 3.1

The electron injection complex consists of the following elements:

e Electron gun with a Ga-As photo-cathode.
e Low energy transfer line (0.4 MeV).
e Electron S-band LINAC (400 MeV).
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e Medium energy transfer line (400 MeV).
e Rapid Cycling Synchrotron (0.4 to 18 GeV) in the RHIC tunnel.

e High energy transfer line (up to 18 GeV).

1.10.2 Polarized Electron Source

The requirement for the polarized eRHIC source is a charge of 3 to 12nC of 85% polar-
ized electrons at a rate of 2 Hz and a normalized transverse emittance of 10 to 55 ym. This
requirement satisfies the needs for all operation modes of the storage ring.

Polarized electron beams are obtained from special photo-cathodes. The most common
material which has been used successfully in the last 30 years is Ga-As alloy. Strained Ga-
As cathodes which are irradiated with UV laser light of 780 nm yield high polarization of
the extracted electron beam and a high quantum efficiency (QE > 1%) when coated with
a mono-layer of Cs.

The polarized electron gun of the Stanford Linear Collider (SLC) which was developed in
the 1980s provided a reliable performance delivering up to 20nC [38] of polarized elec-
trons (70 to 75% polarization) at 120 Hz repetition rate. In principle, the eRHIC injector
could be based on the SLC gun. However, to exploit the technical development which
has occurred in the last three decades, a dedicated eRHIC gun is being developed which
promises higher beam energy, longer cathode lifetime, higher reliability, and larger polar-
ization (> 80%). A comparison of gun parameters is shown in Table 1.9.

Table 1.9: Electron source parameters.

Project RF Frequency o Bunch Charge Energy Emittance Avy/7 Cathode
[GHZz] [psec] [nC] [MeV] [pm] [%] Material

SLC DC 2000 9...16 0.12 15 1.5 Ga-As

5m], 845 nm Laser

eRHIC DC 2000 3...12 0.35 10...55 2 Ga-As

5m], 780 nm Laser super lattice

A new gun geometry based on the “inverted gun” scheme has been designed. The design
is optimized for a high extraction voltage of 350 keV and low electron beam loss. For good
cathode lifetime and high reliability, excellent vacuum conditions are needed in the gun,
the extraction line, and the tune-up beam dump. A prototype of this beam line has been
built and tested. A load lock system for installation of prepared and activated cathodes
into the gun has been designed. A prototype of this system is available and has been
tested.
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1.10.3 Rapid Cycling Synchrotron

Full energy injection of polarized electron bunches is accomplished by a Rapid Cycling
Synchrotron (RCS) in the RHIC tunnel which accelerates the electrons from the 400 MeV
LINAC to up to 18 GeV for injection into the storage ring. The synchrotron has a repetition
rate of up to 2Hz and a total ramping time of 100 msec. The most important design fea-
ture of the synchrotron is spin transparency - the preservation of spin polarization during
acceleration - up to the full energy of 18 GeV. This is accomplished by enforcing a high
lattice periodicity P. The RHIC tunnel, however, only allows a lattice symmetry of six as
it is composed of six arcs separated by six straight sections. This lattice design overcomes
this constraint by configuring the straight section beam optics such that the transformation
of beam coordinates through the straight section is an identity transformation. This also
includes the electron spin. In order to suppress intrinsic depolarizing resonances, the peri-
odicity P and the vertical betatron tune Q, ar, calculated by accounting for betatron phase
advance in the arcs only, must fulfill the conditions:

P — Qyarc > ay (1.7)

and
Qyarc > a7y (1.8)

where ay = 40.849 is the spin tune with 2 = 1.16 x 1073 being the anomalous magnetic
moment of the electrons. This leads to the choice of Qy arc & 50 and P = 96, which is read-
ily accomplished given the large arcs of RHIC. The lattice in the arcs is thus composed of
6 x 32 FODO cells with a betatron phase advance of 71/2. A super-period consists of two
FODO cells as there are two sextupole families per plane to compensate linear and nonlin-
ear chromaticity. A special feature of one of the straight sections is that the rapid cycling
synchrotron must pass around the colliding beam detector with a spin transparent chicane.
At the peak energy of 18 GeV, the electrons suffer from an energy loss of 36 MeV/turn due
to synchrotron radiation. The acceleration and radiation loss compensation is done by
5-cell superconducting 591 MHz RF cavities.

The synchrotron accelerates single bunches with a charge of 10nC. With this amount of
bunch charge, the electron beam remains below any collective instability threshold.

The concept of spin transparent acceleration was extensively simulated. The amount of
depolarization during the acceleration was found to be only in the order of two percent.
These simulations take into account an imperfect machine lattice. In order to obtain realis-
tic estimates on the preservation of electron spin polarization, imperfections of quadrupole
fields, typical betatron coupling, misalignment, and closed orbit errors, as well as sex-
tupole fields for chromaticity corrections, have been introduced in the machine model.

Correction algorithms have been applied to adjust correction elements such as dipole cor-
rectors, tune correction quadrupoles, and skew quadrupoles. It is assumed that closed or-
bit excursions can be kept below 0.5 mm. It is further assumed that the betatron tunes dur-
ing the ramp are kept within |AQ| < 0.01 by applying tune feedback or pre-programmed
time-dependent tune corrections. With this realistic machine model, simulations show
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that the polarization is robust and resilient against residual imperfections (see Figure 1.13).
These good polarization results are consistently obtained for a number of statistical error
seeds.
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Figure 1.13: Electron spin polarization in the Rapid Cycling Synchrotron as a function of
beam energy expressed in terms of spin tune a7 during the ramp. Different colored curves
indicate different RMS values of residual orbit distortions. Note the suppressed zero of the
vertical scale.

1.10.4 Electron Injection

The requirement of arbitrary spin patterns in the electron ring coupled with radiative po-
larization necessitates regular bunch replacement. At an electron beam energy of 18 GeV,
we plan to replace electron bunches on average every three minutes. With 290 bunches,
this corresponds to half a second between injections. The electron injection is accomplished
by a combination of fast and slow kickers and a pulsed eddy current injection septum in
the horizontal plane.

The slow kickers form a closed two-bump. The first sine half-wave is used to extract a
bunch with depleted polarization to create an empty bucket for the fresh bunch. It kicks a
large fraction of the stored beam to transverse amplitudes close to the extraction septum.
A fast kicker magnet, right next to the first slow bump kicker only kicks the bunch that
will be extracted and is going to be replaced by a fresh, injected bunch. The additional
kick allows the selected bunch to enter the extraction septum.

The second sine half-wave is for injection. The storage ring beam optics has a dispersion at
the injection septum where the second slow bump has its maximum spatial excursion. The
new bunch is extracted from the RCS with a slight energy offset with respect to the energy
of the circulating beam in the storage ring. The energy offset times the dispersion equals
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the distance of the bunch to be injected from the orbit of the circulating beam. This scheme
results in injection without a transverse oscillation, but with a longitudinal oscillation. The
offset of the injected beam, with respect to the closed orbit vanishes at locations where
the dispersion is zero, which is, in particular, the case in the IR. The longitudinal injection
oscillation will be eventually removed by radiation damping. The scheme is illustrated in
Figure 1.14. We plan to replace each bunch that is kicked off this way in five steps of 5.5nC
each, thus accumulating in the longitudinal phase space.
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Figure 1.14: Electron injection and extraction scheme, based on one slow 360° kicker bump.
The first sine half-wave is for extraction (right-hand side) and the second one for injec-
tion (left-hand side) which bring the stored beam within three horizontal RMS beam sizes
(0rms = V/€xPx + D202) to the injection and extraction septum, respectively. The bumps
rise in 13 ysec (one turn) and return to zero during the following 13 usec. The dispersion
at the injection septum is non-zero. The beam to be injected has a slightly different energy
than the stored beam and the distance between the center of the stored beam and the beam
to be injected equals the dispersion times the relative energy difference between stored and
injected beam. This way the beam is injected in the center of horizontal phase space but
off-center in the longitudinal phase space. For extraction, a fast kick is required on top of the
slow bump to kick the beam into the extraction septum.

1.11 Hardware Systems of the eRHIC

By far, the largest fraction of present-day RHIC will remain unchanged for eRHIC. There
are only very few technical components of the hadron storage ring that need some upgrade
for eRHIC operation. These will be discussed in the following sections. Much of the hard-
ware of the new additional electron rings is based on well known accelerator technologies
such as room temperature magnets and magnet power supplies. Established electron beam
instrumentation technology can be carried over to eRHIC as well. Innovation is limited to



1.11. HARDWARE SYSTEMS OF THE ERHIC 43

critical systems such as RF systems, vacuum systems and IR magnets. Only these critical
subsystems will be described in the following sections.

The total power consumption of the the electron storage ring magnet system is a signifi-
cant fraction of the increased operational power needs for eRHIC as compared to RHIC.
Figure 1.15 shows the power consumption of eRHIC magnet systems.
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Figure 1.15: Power dissipation of storage ring magnets for operation energies 5GeV to
18 GeV.

1.11.1 Hadron RF Systems

Hadron bunches extracted from the AGS will be received by the existing RF capture and
acceleration system, modified from its RHIC operational frequency of 28 MHz to 24.6 MHz
for eRHIC. Bunch train formation for maximum luminosity operation requires adiabatic
splitting of the hadron bunches into four bunches via a two-stage bunch splitting scheme.

This requires new normal conducting bunch splitting cavities, two each at 49.3 MHz and
98.5MHz.

The existing RHIC 197 MHz system will be used to further compress the bunches before
they can be accepted and compressed to the final store bunch length in a 591 MHz storage
cavity system. The 591 MHz RF system will be superconducting, employing cryomodules
identical to the RCS 591 MHz RF system. Two 591 MHz cavities will be required to squeeze
the bunches to 6 cm bunch length, which requires a total RF voltage of 28 MV.
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1.11.2 Hadron Injection Kicker

A new injection kicker system will be required to support single bunch transfers with a
bunching frequency of 24.6 MHz. This kicker system must provide rise, flattop and fall
times which total no more than the 24.6 MHz bunching period, or 40.7 ns, compared to the
current RHIC bunching frequency of about 107 ns. Rise and fall times will need to be on
the order of 10ns, providing about 20 ns of flattop for the injected bunches. A total of 20
kicker units will span a length of ~ 25m. The new injection kickers will be placed in the
IR-4 straight section. The corresponding updates of the magnetic elements in IR4 are only
minor.

1.11.3 In-Situ Coating of the RHIC Beam Pipe

The high peak current of the eRHIC proton beam, with its large number of short, high
intensity bunches, results in unacceptably high heat load of the cold stainless steel beam
pipes in the superconducting RHIC magnets. To reduce this heat load to levels below
1 W/m, which can be compensated by the RHIC cryogenic system, the conductivity of the
beam pipe must be increased. This will be accomplished by in-situ copper coating of the
entire RHIC ring.

To prevent electron cloud buildup due to the short bunch spacing the secondary electron
yield (SEY) of the beam pipe surface should be reduced below 1.2. Thorough “scrubbing”
of the newly applied copper coating using a plasma discharge cleaning technique might
accomplish that, but in order to reduce risk, it is also planned to apply a layer of amor-
phous carbon to safely reduce the SEY below the critical value.

1.11.4 Electron Storage Ring Vacuum System

The eRHIC Storage Ring vacuum system consists of 3.8 km of vacuum chamber separated
into 36 vacuum sections. Each of the arc vacuum sections is comprised of eight arc FODO
cells. Each FODO cell has two 7.4 meter long super-bends, each with a common vacuum
chamber, and two 1.7 fix number meter long quadrupole chambers. The quadrupole
chambers accommodate the quadrupole, sextupole and corrector magnets, the beam posi-
tion monitors, synchrotron radiation masks, and pump ports. The individual chambers are
separated by RF shielded bellows. There are also twelve vacuum sections for the 1.2km
of straight section and, in addition, twelve sections with specialized equipment, such as
interaction region, RF-sections, and beam injection/extraction. The sections are separated
by gate-valves that isolate the vacuum sections from each other.

The vacuum chambers are pumped by NEG-strips, NEG cartridges, titanium sublimation
pumps and ion getter pumps. The vacuum system is designed for a pressure of 10 nTorr
with full beam current of 2.7 A. The lifetime due to bremsstrahlung from scattering off the
rest gas is larger than 20 hours for all beam energies from 5 GeV to 18 GeV.

The thermal load from synchrotron radiation hitting the beam pipe is considerable. A
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total synchrotron radiation power of up to 10 MW is accommodated by the water-cooled
vacuum chamber. On average, the vacuum chamber is exposed to a linear power density
of 6 kW/m if the beam energy is between 10 and 18 GeV.

With the horizontal aperture of 80 mm, the emitted synchrotron radiation travels, on av-
erage, five meters before it hits the vacuum chamber. With a horizontal beam emittance
of &x = 24nm and an emittance ratio of x = ¢,/¢;y = 0.02, the synchrotron radiation
spot of the 18 GeV beam has a height of i/ = 128 ym when it hits the vacuum chamber.
This corresponds to an average power density of 37 W/mm?. A material with good heat
conductivity properties has to be chosen, which has, at the same time, good vacuum prop-
erties, good mechanical stability, and will allow standard manufacturing processes such
as extrusion, welding, or brazing. Such a material is the Cu-Cr-Zr alloy, which has a heat
conductance close to that of copper, as well as excellent manufacturability. In addition, this
material has excellent yield strength and it is less costly than materials with comparable
properties. Figure 1.16 shows a cross section of the vacuum chamber.
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Figure 1.16: Cross section of storage ring vacuum chamber in dipole magnets.

With a cooling water velocity of 2m/sec, the maximum temperature on the inner surface
of the dipole chamber is about 100° C. Figure 1.17 shows the temperature distribution on
the dipole chamber inner surface.

The chamber can be fabricated by extrusion. The pumping screen, flanges, and pump port
will be attached to the chamber by tag welding without loss of the mechanical stability
of the chamber material. The highest surface temperature is obtained at 5GeV operation,
when the center dipole is reversed in field direction and the field is increased to about twice
the value for 18 GeV operation. In this case, the synchrotron radiation reaches the inside of
the quadrupole vacuum chamber where the pump screen is located. At this location, there
is no cooling and the temperature reaches up to 210° C.

The gas load in the vacuum chamber is dominated by desorption of molecules from the
chamber wall by synchrotron radiation photons (Photon Stimulated Desorption - PSD).
The photon flux at 10GeV with a beam current of 2.7 A (worst case) is 8.1 x 107 x
E/GeV x I/mA = 2 x 10%Torr-1-m~! - sec!. A desorption coefficient in the order of
7 = 1 x 10~®molecules/photon is assumed to be achieved after some conditioning. The
desorbed gas load is then 1.3 x 10! molecules/(sec - m) or 4 x 10~ torr - I/sec - m. The lin-
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Figure 1.17: Analysis of the temperature distribution of the dipole chamber exposed to the
full synchrotron radiation power.

ear pumping speed is designed to be 1001/sec - m which results in a pressure of 4nTorr.
This capacity is achieved by pumping slots which cover 10% of the surface of the pump
screen corresponding to a conductance of 200 1/sec - m. Near the location of the quadrupole
magnets, large lumped NEG cartridges and ion getter pumps are foreseen.

Due to the high beam currents, the RF-shielded bellows are a very critical element of the
vacuum system design. The eRHIC design adapts the design that has been produced for
the NSLS-II storage ring. The thermal contact of the sleeves is accomplished by fingers on
the outside (see Figure 1.18). The NSLS-II design has shorter and wider fingers compared
to the bellows designed for the Advanced Photon Source. The gaps in-between fingers are
minimized to avoid heating of the fingers by RF power leaking through the gaps.

Another critical element of the vacuum design is the RF seal of flange connections. The
pre-conceptual design choice is to use soft RF springs. These require careful assembly and
alignment to avoid steps and discontinuities in the vacuum chamber, which could lead to
considerable impedance and beam heating.

1.11.5 Electron Storage Ring RF System

One parameter that limits the luminosity of the eRHIC electron-ion collider is the design
value for the synchrotron radiation loss in the electron storage ring. Up to 10 MW of RF
power is required to replace the synchrotron radiation losses of the high current electron
beam, with currents up to 2.5 A. The 38 MeV per turn energy loss at 18 GeV determines the
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Figure 1.18: Schematic view of the bellow-finger concept.

maximum required peak RF voltage of 68 MV. The RF system is the most costly individ-
ual hardware sub-system of the electron complex of eRHIC and its components must be
carefully optimized from both a performance and cost point of view in the earliest stage
of the design. Table 1.10 summarizes some relevant parameters for 10GeV and 18 GeV

operations that determine the RF System.

Table 1.10: Summary of the eRHIC RF system requirements for 10 GeV and 18 GeV opera-

tions.

Parameter 10GeV 18GeV
Beam Current [A] 2.5 0.27
Energy Loss per Turn [MeV] 3.6 37.8
Synchrotron Radiation Power [MW] 10 10
Required RF Voltage [MV] 23.7 68

Superconducting RF cavities are chosen for reasons as follows:

e Operational cost saving. For 18 GeV operation, up to 10 MW of RF power are re-

quired at up to 68 MV (38 MV synchronous voltage) to replace beam energy lost to
synchrotron radiation. For an SRF system, minimal RF power is dissipated by the
cavity at any operating voltage, although it is of course an extremely important con-
sideration for the cryogenic power load and system cost. The cryogenic wall power
to support the SRF installation would be on the order of 300 kW, with all RF power
available for the beam. A normal conducting RF system would require substantial
additional power both to produce the required cavity voltage, and for cooling the
cavities. A rough estimate of RF power required to drive normal conducting cavities
(i.e. cavity ohmic loss) yields about 11 MW, based on a 2-cell structure with a Qy
of 3.0E4, a circuit (R/Q) of 1002 per cell, and a voltage of 1 MV per cell, doubling
overall CW RF power requirements compared with an SRF system, and adding the
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additional 11 MW of cooling load to the water system.

e Superconducting cavities have a much higher stored energy and are therefore much
better suited to handle heavy beam loading conditions.

e The impedances which drive coupled bunch instabilities are much lower than they
would be for a normal-conducting cavity system with the same RF voltage.

e The much higher operating gradient of superconducting cavities (16 MV/m vs.
2MV/m for normal-conducting cavities) leads to an installed system requiring much
less longitudinal space than normal-conducting cavities.

Superconducting RF systems are used in most light sources, and for example the Su-
perKEKB electron-positron collider. Technical solutions for such cavity systems based on
single-cell 500 MHz resonators exist. The designs are mature and the systems are, in prin-
ciple, commercially available. The available systems are, however, not optimized for high
energy beam applications such as eRHIC. While the systems would work technically, the
solution would not be optimum from a cost point of view.

The eRHIC storage ring RF system is based on an optimized superconducting cavity con-
cept:

e 2-cell, 591 MHz, single cavity cryomodules are designed for a more compact and cost
effective RF structure.

e We are developing a variable, high power input coupler to provide optimal coupling
across the wide range (x10) of loaded Q which results from the large range of opera-
tional cavity voltages in conjunction with the very high delivered beam power.

e RF power stations based on inductive output tube (IOT) amplifiers with high power
RF combiner networks provide a cost effective, high reliability modular design re-
quiring a relatively small footprint. It is anticipated that as solid state technology
matures, power densities increase and costs decrease, such amplifiers may also offer
a cost effective solution even at these very high power levels.

These design concepts lead to the parameters referenced in Table 1.11.

1.11.6 Superconducting RF Cavities

One 2-cell 591 MHz cavity is installed in each cryostat. The cavity shape has been opti-
mized to suppress parasitic modes to the extent that the coupled-bunch instabilities asso-
ciated with the residual higher order modes (HOMs) can be safely controlled by a multi-
bunch damper system. The broad-band impedance of the cavity structure is sufficiently
low so there is no issue with single bunch instabilities. The cavity shape is depicted in
Figure 1.19 and the higher order mode structure is shown in Figure 1.20.
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Table 1.11: eRHIC RF system parameters.

Parameter Value
RF Frequency [MHz] 591
Number of cells per cavity 2
Number of cryostats 14
Maximum accelerating gradient [MV /m] 16
Total installed voltage [MV] 110
Maximum required RF voltage [MV] 68
Maximum power per input coupler [kW] 500
Number of input couplers per cryomodule 2
Total installed RF power [MW] 12.7
Number of RF transmitter stations 28
HOM power per cryomodule [kW] 80
HOM coupler type beam-pipe SiC
Beam pipe absorbers per cryostat 4

1238mm
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& 270mm
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Figure 1.19: Optimized shape of the 2-cell 591 MHz superconducting cavity for eRHIC.

Strong damping of higher order parasitic modes is important to achieve robust beam sta-
bility and to limit the required power of the broad-band damper system which actively
stabilizes the beam. The choice made in the design of the eRHIC RF is to use warm, beam-
pipe HOM absorbers located in the warm beamline sections adjacent to each cryomodule.
The design is adapted from the ANL APS-U design, and benefits from the work of many
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Figure 1.20: Longitudinal impedance of a single 2-cell cavity. The solid line is a Lorentzian fit
of the envelope function; the dots are calculated using the code CST Microwave Studio [39].
The vertical axis is impedance in units of k().

labs. Figure 1.21 depicts the SiC absorber. Figure 1.22 shows a rendering of the 591 MHz
cryomodule design.

Silicon Carbide Liner

Water Cooled Jacket

Figure 1.21: CAD model of the eRHIC SiC HOM damper.

1.11.7 High Power RF Input Couplers and Power Amplifiers

The power capability of the fundamental power input coupler (FPC) is an important pa-
rameter for the layout of the RF system, since it determines the minimum number of cry-
omodules needed to feed 10 MW RF power to the beam, compensate the substantial power
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2x 500kW CW FPC Box Type Cryomodule
(Bottom FPC view obscured) Cold mass supported
from top-plate

20kWw, SiC HOM
Absorbers

20 kW, SiC HOM
Absorbers

591 MHz
2-cell, 2K

Figure 1.22: Cutaway view of the eSR 591 MHz cryomodule concept. Shown is the cryomod-
ule, with a nominal valve to valve length of 4.8 m, including the adjacent warm spaces with
four SiC beam pipe absorbers per cryomodule, beampipe tapers and gate valves. Shown
also are the cryogenic feeds and the top RF input coupler, oriented vertically to save space
in the IR.

lost to HOM generation and power extracted by a possible third harmonic RF system
should it prove necessary. The choice was made to employ two 500 kW power couplers
in each cryomodule, based on a fixed, 500 kW coupler designed and successfully tested
on the superconducting photo-cathode gun developed at BNL. The eRHIC fundamental
power coupler is a further development of this high power FPC. Operation at different
electron beam currents and beam energies requires an optimized, variable coupling in
order to avoid a large amount of reflected RF power. The optimum coupling varies by
about a factor of 10 over the range of these operating parameters. For the worst case beam
loading scenario at 10 GeV, installation of 14 cryomodules (28 power couplers) brings the
expected maximum operating power of the couplers to just over 400 kW each, or 80% of
design maximum.

RF power sources for the eRHIC electron storage ring cryomodules are based on high
power units comprising multiple IOT transmitters and high power RF combiner networks.
Each high power unit can deliver up to 500 kW of RF power, with two units required for
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each cryomodule. The RF system includes a power margin of about 15%. Figure 1.23
shows a CAD-model of the eRHIC variable coupling high power input coupler.

Figure 1.23: CAD model of the eRHIC 500 kW variable Qext power coupler. Two fixed coax-
ial couplers are shown attached to the cavity. The blue structures are the coax-waveguide
doorknob transitions. These are attached to the waveguide tuner sections which are used to
adjust the Qext of the couplers.

1.11.8 Crab Cavities

The eRHIC crab cavities, designed to operate at a frequency of 394 MHz, will be realized
as superconducting Double Quarter Wave Crab Cavities (DQWCC). This cavity type, de-
signed and developed at BNL for the LHC luminosity upgrade, has gone through a rigor-
ous development program. The frequency of the LHC DQWCC devices is 400 MHz, con-
veniently close to the eRHIC DQWCC frequency, and thus serves to validate the expected
performance of the eRHIC DQWCC.

At this time, a total of five LHC-style DQWCC have been built and tested with exception-
ally good results: a proof-of-principle cavity built by Niowave Inc. for the BNL team and
tested at BNL, two prototype cavities designed by BNL, built by Niowave through a LARP
program, and tested at Jefferson Laboratory, and two prototype cavities of the same design
built and tested at CERN. The BNL crab cavity team has been an active contributor to all
the tests at JLab and CERN.

While the superconducting crab cavity is the most critical element of the crabbing system,
there are many other auxiliary subsystems that are challenging and critical for the proper
crabbing of the beam. These subsystems, which will be described in detail in this doc-
ument, include the liquid helium tank, HOM dampers, fundamental power and pickup
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couplers, mechanical cavity frequency tuner (comprising the dressed cavity, seen in Fig-
ure 1.24), as well as the crab cavity cryomodule. At this point all the subsystems mentioned
have been built and successfully tested for the LHC DQWCC, and lessons learned from the
LHC devices will be applied to the eRHIC DQWCC design.

Figure 1.24: Cross section view of the eRHIC DQWCC showing the dressed cavity, with
helium tank, couplers, and tuner.

The ultimate test of any accelerator cavity is its performance in the presence of beam. This
is particularly true for hadron crab cavities, since there has never been any previous im-
plementation of crab cavities in hadron accelerators. For this reason, a complete system,
including two fully dressed DQWCC with all the couplers and tuners in a cryomodule,
has been installed at CERN in the SPS accelerator, as shown in Figure 1.25. Beam tests
commenced in April 2018, with active participation of BNL staff. During these tests no
detrimental effects on the proton beam were observed.

1.11.9 Civil Construction and Infrastructure

An important feature of the Brookhaven eRHIC proposal is that, due to the significant ex-
isting RHIC infrastructure, a relatively small amount of new building square footage is
required. There are 13 proposed new buildings totaling 145,00 square feet. At the present
stage of the design, it is necessary to provide a new 70,749 sq. ft. building in the IR10 loca-
tion to house RF power amplifiers and supporting equipment for the electron storage ring
and the RCS. A new 21,000 sq. ft. facility will be constructed in the IR2 straight section to
house the electron pre-injection LINAC and the strong hadron cooling electron ERL with
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Figure 1.25: The LHC prototype twin DQWCC cryomodule installed in the SPS tunnel for
beam tests (Photo Courtesy CERN).

their associated laser systems and other support equipment. Additional smaller buildings
are required around the ring to house power supplies and other support equipment at
locally optimized points. The existing central cryogenic plant will be used for cryogenic
cooling for all of eRHIC, but additional cryogenic support facilities will be required to
support 2K cooling of new superconducting RF equipment in IRs 2, 10, and 6. The current
operation of RHIC requires distributed cooling water systems located at or near the points
of use. eRHIC will however require a significant increase in cooling water capacity for
the electron storage ring vacuum chamber (10 MW) along with magnet and power supply
cooling for the electron storage ring and RCS. Each building will also have HVAC require-
ments driven by the equipment and rack demand. The requirement for electron beam
thermal stability will drive the design and installation of a new HVAC system for the tun-
nel. This system is currently envisioned to be an industrial ductless system to avoid the
installation of large air ducting systems throughout the tunnel space. Existing site power
is currently sufficient for the needs of eRHIC; however, the distribution system will require
an upgrade to supply enough power to the new locations. A “ring bus” style distribution
is envisioned for eRHIC, allowing for sections of the ring to be opened for maintenance
operations without affecting downstream loads. A new 20 MVA main power transformer
will be installed to support RF power demand. Backup power capacity will be installed in
the form of two diesel generators along with distributed UPS systems where required.
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1.12 Overview Summary

The eRHIC collider, as described in the pre-conceptual design provides collisions of elec-
tron and hadron beams stored in two storage rings: the Yellow ring of the Relativis-
tic Heavy Ion Collider (RHIC) and a new electron storage ring with high luminosity of
L = 10** cm~2sec™! over a center-of-mass energy range from 20 GeV to 140 GeV. The tech-
nical solution is based on accelerator physics and technology that is a moderate extrapola-
tion of the state-of-the-art. Appendix ?? gives a detailed description of the hadron beams
in the RHIC complex that are available for eRHIC. The required modifications of RHIC are
few and relatively inexpensive on the scale of the entire project. The challenge of the design
lies in its implementation into an existing tunnel with existing infrastructure at a reason-
able cost, which will require very detailed planning. The final factor of two to three in
luminosity requires strong hadron cooling, which will be realized by a novel scheme or by
substantial extrapolation of existing technology. The main mitigation of the corresponding
technical risk lies in the fact that a very respectable luminosity of up to 4.3 x 103 cm2sec ™!
can be achieved without strong hadron cooling, a performance which would provide full
access to the entire EIC physics program.

The electron injector complex consists of a polarized electron gun and 400 MeV S-band
LINAC which will provide polarized electron bunches of 12nC to the rapid cycling syn-
chrotron in the RHIC tunnel. This large synchrotron is to be constructed with normal-
conducting magnets and normal-conducting RF systems. The critical requirement is high
spin transparency for the polarized beam. This has been taken into account by special
design features and has been tested by extensive simulations.

The anticipated performance of the collider has been addressed by a comprehensive accel-
erator physics design study. The design allows for two large-solid-angle detectors uti-
lizing the existing experimental areas now occupied by the RHIC detectors STAR and
PHENIX/sPHENIX. Final parameters are chosen such that there is still a margin between
the design values and values believed achievable. In that sense, the presented solution
should be considered as robust and realistically achievable. While there are no components
that require completely new technical concepts, several components are at state-of-the-art
or slightly beyond present technology. The list of these components includes special su-
perconducting magnets in the interaction regions with large apertures. Other advanced
components are 2-cell superconducting cavities with 1MW of input power and variable
coupling of the forward power couplers. Strong hadron cooling requires a CW electron
source which can reliably deliver 100 mA of beam current.

In conclusion, the presented eRHIC design based on an electron storage ring and its injec-
tors added to the RHIC complex is an attractive, relatively low risk solution, which meets
all requirements on an electron-ion collider at reasonable cost.
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Chapter 2

EIC Physics and Requirements for
Machine Design

2.1 Introduction

Half a century of investigations have revealed that the neutrons and protons (nucleons)
that make up the atomic nucleus are composed of more basic constituents, the quarks
and gluons, with their interactions mediated by the exchange of gluons. Their discovery
has led to the development of the fundamental theory of strong interactions, quantum
chromodynamics (QCD). QCD attributes the forces among quarks and gluons (collectively
called partons) to their color charge. In contrast to quantum electrodynamics, where the
force carriers (photons) are electrically neutral, gluons in QCD carry color charge and can
self-interact.

As a consequence of QCD the internal structure of nucleons consists of a complex dynam-
ical system of valence quarks immersed in a quantum sea of virtual quarks, antiquarks,
and gluons, a system unlike any other heretofore observed in nature. The unique spin of
the nucleon is not a simple sum of the spins of the valence quarks, but also includes sig-
nificant contributions from this quantum sea. The mass of the nucleon is not the sum of its
constituent partons (which is near zero), but emerges from interactions among the valence
quarks, antiquarks, and gluons.

Understanding the structure of nucleons and nuclei, as well as their properties such as
spin, mass, and nucleon-nucleon interactions from the properties and dynamics of quarks
and gluons is a central goal of nuclear science. Decades of work in high energy physics
and nuclear physics to probe the nature of matter at the QCD level has revealed a rich
tapestry with many detailed answers, but the most fundamental questions remain unre-
solved, entailing many opportunities for new discoveries. The Electron Ion Collider (EIC)
is conceived with unique capabilities to explore this new realm of discovery for under-
standing the fundamental role of QCD in the observed structure of matter.

The dynamical interactions between quarks and gluons have profound consequences, such

57
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as the generation of the nucleon mass. They also result in a little explored domain of matter
where gluons dominate the nuclear wavefunction. Hints of this domain have been seen
in nuclear collisions at RHIC and the LHC where the nuclei collide at nearly the speed
of light. Similar hints have been obtained from prior electron-proton scattering at HERA.
The corresponding strong color fields are at the heart of many poorly understood emergent
phenomena in QCD, such as confinement, properties of the quark gluon plasma, and the
origin of nucleon spin. A quantitative study of matter in this domain of gluon dominance
is a central goal of the EIC.

In the last two decades, nuclear physicists have developed new phenomenological tools
that show promise of realizing tomographic images of the quarks and gluons inside polar-
ized and unpolarized protons and neutrons. These tools are being utilized now and will
be further refined in the next few years to study the valence quark region in the nucleon
using the 12 GeV CEBAF at JLab and the COMPASS experiment at CERN. However, our
knowledge of the nucleon will be far from complete without the investigation of the gluon
dominated region within it. While high-energy polarized and unpolarized hadron-hadron
collisions at RHIC and the LHC have initiated the exploration of this gluon-dominated
regime, the EIC will complement these studies by simultaneously bringing the precision
of the well-understood electromagnetic probe, polarized beams, and high energies to the
study of the gluon dominated region.

As one increases the energy of the electron-nucleon collision, the deep inelastic scattering
process probes regions of progressively higher gluon densities. However, the density of
gluons inside a nucleon must eventually saturate to avoid an indefinite rise in the strength
of the nucleon-nucleon interaction. How this exactly happens in QCD is unknown. Unam-
biguous evidence of this saturated gluon density has so far eluded us, although tantalizing
hints at RHIC and the LHC have been observed. Experimental design limitations of the
past are being specifically addressed in the design of the EIC in order to study this remark-
able form of matter; this will be facilitated by electron collisions with heavy nuclei, where
coherent contributions from many nucleons effectively amplify the probed gluon density.

The scientific goals and the machine parameters of the EIC were first agreed upon in
deliberations at a community-driven program held at the Institute for Nuclear Theory
(INT) [40]. They were further refined and summarized in the EIC White Paper [1]. The EIC
science goals were set by identifying critical questions in QCD that remain unanswered de-
spite the significant experimental and theoretical progress made over the past decades, and
would remain unanswered unless the EIC is realized. Those science goals and the conse-
quent machine parameters for the EIC were supported in the 2015 NSAC Long Range Plan
(LRP) [2] leading to the recommendation for the EIC as the “highest priority new facility”
to be constructed in the US by DOE’s Office of Nuclear Physics.

The eRHIC machine design (pre-CDR) presented in this document addresses all the sci-
entific goals that were identified by the broader community [1,2,40,41] as the most com-
pelling questions in QCD that the future Electron Ion Collider must address. An inde-
pendent assessment of the science of EIC was recently conducted by a panel convened by
the National Academies of Sciences, Engineering, and Medicine [3]. The report strongly
endorses this program, noting that it addresses profound scientific questions central to
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nuclear physics research while also advancing U.S. leadership in accelerator science and
technology.

2.2 The Science Goals of the EIC and the Machine Parameters

In this section, we present a few selected topics amongst the set of compelling questions in
QCD that led to the recommendation for construction of an EIC in the NSAC process, and
summarize the machine parameters that are needed to address them.

The key scientific questions that the EIC could address are:

1. How are the sea quarks and gluons, and their spins, distributed in space and mo-
mentum inside the nucleon? How do nucleon properties emerge from them and
their interactions?

2. How do color-charged quarks and gluons, and jets, interact with a nuclear medium?
How do the confined hadronic states emerge from these quarks and gluons? How
do the quark-gluon interactions create nuclear binding?

3. How does a dense nuclear environment affect the quarks and gluons, their correla-
tions and their interactions? What happens to the gluon density in nuclei? Does it
saturate at high energy, giving rise to a gluonic matter with universal properties in
all nuclei and even nucleons?
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Figure 2.1: The gluon (xG), sea (xS) and valence quarks (x u, and x d) distributions as
extracted from the data collected at HERA along with their uncertainties. Domination of
gluons at x < 0.1 is evident.
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Figure 2.1 depicts the parton distribution functions extracted from e + p scattering data
from the HERA collider at DESY. To leading order, these functions represent the probability
density for finding a particle with a certain longitudinal momentum fraction x at resolution
scale Q2. The plots show the valence quark, sea quark, and gluon distributions extracted
from the data. The most surprising feature of this result was the rapid rise of the gluon
distribution indicating that gluons dominate the proton’s wavefunction at high energies
or with decreasing x.
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Figure 2.2: Left: The x-Q? range covered by the EIC with two different center-of-mass en-
ergy ranges in comparison with past and existing polarized ¢ + p at CERN, DESY and SLAC
and p + p experiments at RHIC. Right: the kinematic range in x-Q? for lepton-nucleus deep
inelastic scattering and Drell-Yan (DY) experiments and future JLab12 experiments in com-
parison with the EIC.

The EIC design described in this document covers a center-of-mass energy range for the
e + p collisions of /s of 29 to 140 GeV. The kinematic reach in x and Q?, the momentum
transferred by the electron to the proton, is shown in Figure 2.2. The diagonal lines in each
plot represent lines of constant inelasticity, y, which represents the ratio of the virtual pho-
ton’s energy to the incoming electron’s, in the target rest frame. The variables x, Q?,y and
s are related to each other by a simple equation Q? = sxy. Since the EIC is being designed
to study the domain of gluon dominance in the proton, it has to have a substantial energy
reach to access the low-x region (x o 1/s). The left figure shows the kinematic acceptance
for polarized and unpolarized e + p collisions, and the right figure shows the acceptance
for e + A collisions. Also shown for comparison is the reach of past and current fixed
target facilities that acquire comparable data sets, and in case of the left plot, polarized
p + p collisions from RHIC. Note that there are no data from past or current experiments
in the region of x < 5 x 1073. The two tigures establish that the EIC would, for the first
time, allow us to explore significantly lower values of x where the role of gluon degrees of
freedom is enhanced.
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The details of the science case for the EIC have been presented in the EIC White Paper [1].
In what follows, we describe, in greater detail, the compelling scientific questions outlined
above, and motivate the requirements for the machine parameters that would help us ad-
dress these questions.

2.21 Nucleon Spin and Imaging
Nucleon Spin

Understanding the nucleon spin in terms of its components, quarks, anti-quarks, gluons,
and the dynamics resulting from color interactions, has been an important goal for nuclear
scientists over the past five decades. The nucleon spin can be split into its components [42]:

1

> = 5A%(Q}) + AG(Qy) + Losa(Qy) @)

where AY, AG, and L are the contributions from quark+anti-quarks, gluons, and their an-
gular momentum to the nucleon spin. They are evaluated at a fixed scale Q; and summed
over the whole x range from 0 to 1. The discovery by the EMC experiment at CERN in the
1980s, that the quark and anti-quark spin alignment (AX in the above equation) could not
explain the nucleon’s spin, brought this fundamental issue into the limelight. Since then,
numerous fixed target polarized electron/muon scattering experiments and polarized pro-
ton collisions at RHIC [43] have confirmed that the spin alignment of quarks+antiquarks,
and gluons, in the covered kinematic region (0.001 < x < 0.6) does not explain the nu-
cleon’s spin, thus providing indirect evidence for a potential contribution from parton
orbital angular momenta, Lo, . The largest uncertainties in AX and AG come from the
unmeasured regions of x < 5 x 103, where no data exist. With measurements in this re-
gion, the EIC will provide precise measurements of AY. and AG that will resolve the spin
components of the proton [1,41,44].

Figure 2.3 illustrates the potential impact of the EIC on reducing the uncertainty in knowl-
edge of the unmeasured region assuming /s range indicated in the figure. The EIC will
significantly reduce the uncertainty in the knowledge of AX + AG for 107% < x < 1073
(y-axis), as well as in the contribution from orbital angular momentum in the range
1073 < x < 1 (x-axis). It is evident from this plot that the higher center-of-mass energy is
required to make measurements for which the errors are much smaller than the individual
contributions.

Machine Requirements For Polarized Inclusive Deep Inelastic Scattering

Double longitudinal spin asymmetry measurement requires measuring inclusive deep in-
elastic scattering (DIS) with longitudinally polarized electrons off longitudinally polarized
protons. Typically, 70% beam polarization was assumed in the conducted simulations.
Most studies were performed assuming a data set with integrated luminosity L = 10 fb~!,
and it was shown in [41,44] and references therein that the statistical uncertainties at this
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Figure 2.3: The impact of different center-of-mass energies on our knowledge of the sum of
quark and gluons’ helicity contributions in the range 107¢ < x < 10~ (vertical axis) versus
the contribution from the orbital angular motion in the range 1072 < x < 1 (horizontal axis).
The calculations are shown at a fixed scale of QJ% = 10 GeV? [41].

luminosity are considerably smaller than the current theoretical uncertainties. Experimen-
tal systematic uncertainties, coming from polarization measurements and other (time de-
pendent, detector related) false asymmetries in measurements would then have to be con-
strained to a few percent [45]. Similar measurements using polarized *He or deuteron are
needed to obtain full flavor separation of the spin structure. The machine requirements are
similar to the ones discussed for the proton except for the need of neutron rich polarized
nuclear beams. In addition, this science program will need high center-of-mass energies
and an integrated luminosity of at least 10 fb~!.

Imaging The Confined Motion Of Quarks

DIS measurements in which hadrons are measured (in addition to the scattered electron),
are commonly referred to as “Semi-Inclusive DIS” (SIDIS) measurements. Experiments
with collisions of electrons on transversely polarized protons, deuterons (D), or helium
(°He) targets, have measured single spin azimuthal asymmetries for various identified
hadrons over a broad range of kinematics. Similar effects have been observed and studied
in singly polarized p+p collisions. The commonly accepted origin of these asymmetries
are the correlations between the transverse momentum of quarks and their spin, as well as
the spin of the parent nucleons. Therefore a full picture of the nucleon has to include the
transverse momentum distribution of partons in addition to their longitudinal one.

SIDIS and polarized p+p measurements over the past decade, have allowed scientists to
formulate a framework in which the measurements of single spin azimuthal asymmetries
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for different identified hadrons are connected to the transverse momentum distribution
(TMD) of partons, i.e., their confined motion inside the nucleon. These TMDs incorporate
the correlations between the motion of partons, their spin, and the spin of the parent nu-
cleon. These correlations arise from spin-orbit coupling among the partons about which
very little is known to-date. One can define eight types of TMDs [46] based on the differ-
ent combinations of quark and nucleon spin combination, and a similar set of eight TMDs
for gluons—all of which need to be mapped out if one is to gain full knowledge of the 3D
momentum and spin structure of the nucleon.

The data sets used to constrain TMDs are currently more limited in x and Q? than the mea-
surements shown in Figure 2.2 (left) used to constrain the helicity PDFs. With its polarized
beams and high energy, the EIC will dramatically advance our knowledge of TMDs. One
will be able to map out the 2+1 dimensional momentum structure of the different quark
flavors and gluons inside nucleons over a wide region in x and Q? [1,47].

Figure 2.4 (left) depicts the transverse-momentum distribution of up quarks inside a pro-
ton moving in the z-direction (pointing out of the page) with its spin polarized in the posi-
tive y-direction. The colors represent the probability of finding the up quarks for the given
momenta. The anisotropy in transverse momentum is described by the Sivers distribution
function [1,48,49], which describes the correlation between the proton’s spin direction and
the motion of its quarks and gluons. While the figure is based on a preliminary extraction
of this distribution from current experimental data, nothing is known about the spin and
momentum correlations of the gluons and sea quarks. The achievable statistical precision
of the quark Sivers function from EIC kinematics assuming an integrated luminosity of
10 fb~! is shown in Figure 2.4 (right). Currently no data exist for extracting such a picture
in the gluon-dominated region in the proton or in light nuclei. The EIC will be crucial to
realize such a program.

Machine Requirements For TMD Measurements

Measurements of transverse momentum distributions require longitudinally and trans-
versely polarized hadron beams colliding with (un)polarized electrons. Simulations to
investigate the degree to which the EIC can constrain the Sivers function assumed 70%
transverse polarization of the proton beam [1]. As mentioned earlier, semi-inclusive DIS
implies the identification of final state hadrons in coincidence with the scattered electrons.
There is already experimental evidence for flavor dependence, namely, a dependence on
the type of quark involved in the collision, of the different TMDs. These measurements
require that the hadron type in the final state be identified, in order to tag the flavor of the
parton. To obtain a detailed understanding of the eight different quark and gluon TMDs,
one needs to bin the experimental observables in multiple variables, such as x, Q?, Y, Pt,
and z simultaneously, where p; is the hadron’s transverse momentum and z is the momen-
tum fraction of the final state hadron, both with respect to the virtual photon. Mapping
the TMDs in multiple dimensions will require larger statistics than for inclusive measure-
ments. To fully disentangle the flavor dependence of the various TMDs, it is important
to collect data with neutron rich transversely polarized beams, such as *He or D with
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equivalent experimental conditions. Each of these collider operating modes will need an
integrated luminosity (or significant fraction) of 10 fb~!. There is an obvious redundancy
in the data sets. For example, unpolarized target conditions could be achieved by com-
bining oppositely polarized longitudinal or transverse data sets, thus running the collider
effectively for two physics programs simultaneously. However, despite such opportune
simultaneity in data taking, it is anticipated that the systematic program of measurements
essential for the complete mapping of TMDs will require large collective integrated lumi-
nosities (a couple of 10 fb~1) for different targets and their spin orientation [1]. The wide
range in x — Q? provided by the EIC is essential for mapping the TMDs. To explore gluon
TMDs, access to the gluon dominated low-x region is critical and requires both high energy
(v/s > 100 GeV) and a large luminosity [47,50].

Imaging the Transverse Spatial Distribution of Partons

As in the case of the transverse momentum distribution of partons inside a hadron, we
know little about what a hadron looks like in transverse spatial dimensions. Many of our
expectations are solely based on models. In some cases, it is expected that at large-x, the
quantum numbers of the hadrons come from the struck partons in the DIS measurement.
As one goes to low-x, and gluon distribution begins to saturate, its an interesting question
of how gluons and sea quarks clump together in the hadron. At some yet unknown low-x
a very high density gluon saturated region is reached [1,41].

It is now possible to measure the transverse spatial distributions experimentally. The
study of the spatial distribution of quarks and gluons requires a special category of mea-
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Figure 2.4: Left: The transverse momentum distribution of an up quark with longitudinal
momentum fraction x = 0.1 in a transversely polarized proton moving in the z-direction,
while polarized in the y-direction. The color code indicates the probability of finding the up
quarks. Right: The transverse-momentum profile of the up quark Sivers function at five x
values accessible to the EIC, and corresponding statistical uncertainties.
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Figure 2.5: The projected precision of the transverse spatial distribution of partons obtained
from the Fourier transform of the measurement of unpolarized DVCS cross section as a
function of |t| at the EIC for a targeted luminosity of 10 fb~! at each center-of-mass energy.
Impact parameter, br, is the distance from the center of the proton. Left: the evolution in x at
a fixed Q? (10 < Q? < 17.8 GeV?). Right: the evolution in Q? at a fixed x (1.6 x 1073 < x <
2.5 x 10%). The red and blue bands indicate extraction of spatial distribution only with high
and low center-of-mass energies, respectively, while the purple band is accessible at both.

surements, that of exclusive reactions. Examples are deeply virtual Compton scattering
(DVCS) and deeply virtual vector meson (DVVM) production. In these, the proton remains
intact after the electron has scattered off, and a photon or a vector meson is produced. Ex-
clusivity demands that all final state products are detected. This includes the scattered
electron, the produced photon or vector meson, and the scattered proton. The spatial dis-
tribution of quarks and gluons in these experiments is extracted from the Fourier trans-
form of the differential cross section with respect to the momentum transfer, t, between
the incoming and the scattered proton. The non-perturbative quantities that encode the
spatial distributions are called Generalized Parton Distributions (GPDs) [51-53]. They are
interesting to nuclear scientists not only because of their fundamental importance in non-
perturbative QCD, but also because the second moment of particular sets of quark and
gluon GPDs will give us information about total quark and total angular momentum of
quarks and gluons in the proton [54]. This spatial distribution yields a picture of the pro-
ton that is complementary to the one obtained from the transverse-momentum distribution
of quarks and gluons.

Currently, our knowledge of GPDs from DVCS is limited and is based on fixed tar-
get experiments at intermediate to high-x or at low-x from the HERA collider measure-
ments. The high-energy, high-luminosity EIC will make a very significant impact on
these measurements. It is anticipated that measurements made for protons in the range



66 CHAPTER 2. EIC PHYSICS AND REQUIREMENTS FOR MACHINE DESIGN

0.04 < t < 1.5GeV? will enable maps of parton distributions all the way down to 0.1
fm [41,55]. Such exclusive measurements performed on nuclei will enable us to gain a
deeper understanding of the transverse quark and gluon distributions within.

Figure 2.5 shows the precision with which an EIC will provide transverse spatial distribu-
tion for quarks [41]. The red and blue bands are reachable only with high or low energy
collider operations, respectively, while the purple band is reachable by both. To reach low-
x and high-Q? the EIC needs to have the higher center-of-mass energy. The measurements
were simulated using an integrated sample of 10 fb~!. The uncertainties shown in this
plot only account for statistics and experimental systematics, not for the systematic uncer-
tainties associated with the extraction of these quantities from data. For more about the
extraction of proton size, we refer to [1,41,55].

Machine Requirements for GPD Physics

It has been shown that an integrated luminosity of 10 fb~! is sufficient to get to precise
unpolarized spatial distribution functions. The continuous measurement of ¢ from ~ 0.02
to about 1.5GeV requires a careful design of the interaction region to detect the forward
going protons scattered under small angles combined with a careful choice of the hadron
beam parameters, i.e., angular divergence and large acceptance magnets. A complete map
of the spatial distributions of quarks and gluons including polarization effects, requires
high polarization of hadron and lepton beams [1,55].

2.2.2 Physics with High-Energy Nuclear Beams at the EIC

Precise knowledge of proton PDFs measured at HERA has been critically important for
searches of physics beyond the Standard Model (BSM) at the LHC. When compared to our
knowledge of parton distribution functions in the proton, our knowledge of nuclear PDFs
(nPDF) is significantly more limited. Most of it comes from fixed target experiments in a
region of intermediate to high-x as shown in Figure 2.2. Recently available data from the
LHC have been included in nPDF extractions but have had limited impact on extracting
nuclear PDFs [56]. High energy electron-nucleus collisions at the EIC will enable mea-
surements of nuclear PDFs over a broad and continuous range in Q? all the way from
photo-production (Q? ~ 0) to large Q? in the perturbative region. This will enable scien-
tists to study the nPDFs with unprecedented precision. Precise knowledge of nPDFs will
be crucial when searching for the transition between linear and non-linear evolution of
the parton densities with change of the resolution scale of the probe. The latter saturation
regime occurs at low x and low interaction scale Q? where the gluon densities are highest
and the recombination of low-x gluons becomes increasingly important. In e + A scatter-
ing such non-linearities are predicted to be more pronounced than in e + p interactions [57]
since the saturation scale Q2 is expected to grow as A'/3. As noted previously, exploring
this intrinsically non-linear regime of QCD is a key science goal of the EIC. In addition,
measurements with nuclear beams will allow us to investigate a wide range of questions,
such as (i) whether color confinement in protons and nuclei is different, (ii) what is the
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quark-gluon origin of short range nucleon-nucleon forces in the nuclei, and (iii) how the
nuclear medium responds to colored and colorless probes. All these measurements require
high energy beams of light and heavy nuclei. These measurements are discussed further
below.

Nuclear Modification of PDFs and Their Precision Measurements

How parton distributions in nuclei are modified relative to those in the proton can be
quantified by plotting their ratio normalized by the atomic number of the nucleus. The
deviation of this ratio from unity is a clear demonstration that the nuclear parton distri-
butions are not simple convolutions of parton distributions in the proton. A depletion of
this ratio is often called shadowing, while an enhancement is dubbed anti-shadowing. The
simulated data presented in this section was used in a study [58] that allowed additional
flexibility in the fit function used to derive the gluon PDF in the nuclei. The ratio of gluon
distribution in Pb to that in proton is plotted at two different values of Q? in Figure 2.6. The
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Figure 2.6: Nuclear PDFs improvements with the EIC.
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grey bands indicate the current uncertainties in the nuclear PDFs, orange bands indicate
the improvement we could expect from the inclusive data sets, and the hatched band indi-
cates the further improvement one expects from the inclusion of charm quark production
in this analysis. Clearly, the higher energy collider is more advantageous.

The reduced cross section 0;g,,c.4 can be expressed in terms of the structure function F, and
the longitudinal structure function Fy, as:

2

Oreduced = PZ(x/ Qz) - H(ll/—y)z ’ FL(x/ QZ) (22)
While F, is sensitive to the momentum distributions of (anti)quarks and to gluons mainly
through scaling violations, F; has a larger direct contribution from gluons. An additional
constraint on the gluon distribution at moderate to high-x comes from charm production
driven by photon-gluon fusion. The fraction of charm production grows with the energy;,
reaching about 15% of the total cross section at the highest /s, thus permitting one to set
a robust and independent constraint on the gluon distribution in nuclei at high-x [1,41].

Figure 2.7 shows the reduced cross section for inclusive and charm production in e +
A scattering. The data were simulated using three different center-of-mass energies,
31.6,44.7, and 89.4 GeV. The blue shaded region indicates the existing data, and grey bands
indicate the uncertainty in the EPPS16 parametrization [56]. Note that the estimated exper-
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Figure 2.7: Reduced cross section for inclusive (left plot) and charm (right plot) plotted for
x and Q? along with their uncertainties (shown in grey bands) from EPPS16 model. EIC
simulated data are shown for different center-of-mass energy combinations. The blue band
in the left plot shows the currently available data.
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imental uncertainties on the data are very small compared to theory uncertainties, and the
higher center-of-mass energy enables a broader range in (x, Q?), particularly in the low-x
region where gluons dominate. Higher energies are clearly advantageous, and 10 fb~!/A
combined for the data at all center-of-mass energies will be sufficient to make significant
impact on our knowledge of nuclear PDFs.

Figure 2.8 shows Fy, for inclusive (left) and for charm (right) calculations based on EPPS16
along with the uncertainties estimated at each energy. Note that the measurement of Fy
requires one to operate the collider at several different center-of-mass energies. This sim-
ulation was performed with total of 10 fb~! data over the combination of three center-of-
mass energies [58]. The width of the gray bands reflects the current theoretical uncertainty
in both cases and is wider than the statistical uncertainties from the simulations indicating
that these uncertainty bands would be reduced significantly using future EIC data.

Figure 2.8: Inclusive F; (left plot) and charm (right plot) FS® simulated data shown with the
EPPS16 nuclear PDFs. Grey bands are uncertainties in the model, and the EIC data simulated
with 10fb~1/A are shown for three center-of-mass energies.

Machine Parameters For Precision Nuclear PDF Measurements

Based on the study presented above for inclusive DIS and charm cross section measure-
ments, larger /s presents a significant advantage, as (i) a wider x Q? coverage can be
explored and (ii) one reaches further in the region of gluon dominance. For precise high
impact measurements an integrated luminosity of 10 fb~1/A is sufficient. In fact, beyond a
few fb~!, these measurements become systematics dominated [58] and more statistics will
not affect the overall uncertainties.
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Study of High Gluon Density Matter

A key feature of gluon saturation is the emergence of a momentum scale Qg. If this scale is
significantly larger than the QCD confinement scale Agcp, the dynamics of strongly corre-
lated gluons can be described using weak coupling many-body methods. The framework
that enables such computations is called the Color Glass Condensate (CGC) [59]. The CGC
predicts that Q% o Al/3; thus, the novel domain of saturated gluon matter may be ac-
cessed sooner at a given energy in large nuclei. Unambiguous establishment of this novel
domain, and its detailed study, is one of the most important goals of the EIC.

x <0.01 |
B i s, = 40 GeV (eAu)
| EIC VS0 = 90 GeV (eAu)
HERA (ep)
i— perturbative regime ——»
0 0.5 1 1.5 2 2.5
N Q5 (GeV?)

Figure 2.9: The accessible values of the saturation scale Qé at an EIC in e + A collisions,
assuming two different maximum center-of-mass energies and in e + p collisions at HERA.

QCD predicts that the saturation of gluons is achieved precociously in large nuclei, i.e., at
larger values of x than in the proton since the saturation scale Q2 is enhanced by approxi-
mately A!/3. Figure 2.9 shows calculations for the saturation scales for the e + A collisions
assuming two different center-of-mass energies and for e + p collisions at HERA. Pertur-
bative calculations can be performed reliably in the higher Q? region to the right of the
dashed vertical line. It is in this region where Q* > Q% that DGLAP evolution can be re-
liably compared with the saturation calculations. Clearly, the saturation scales achievable
in both energy ranges at the EIC are significantly larger than those in e 4 p although the
\/s energy for HERA was substantially larger. This enhancement of Q2 in nuclei is a conse-
quence of the high energy probe coupling coherently to all the partons along its path length
in the nucleus. This figure makes the case that, to explore saturation phenomena reliably,
one needs to have the largest nuclei at the highest affordable center-of-mass energy.

While there are multiple experimental signatures of saturation discussed in the litera-
ture [1], we only use two in this section to motivate the requirement for the energy of
the collider; these are dihadron suppression and diffraction in e + A collisions.

The dihadron correlation in the process e + A — ¢’ + Iy + hy + X refers to the angular
correlations between two hadrons h; and hy. The angle between the two hadrons in the
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Figure 2.10: Ratio of dihadron correlation functions in e+Au collisions to those in e+p colli-
sions in a simulation study at three different center-of-mass energies. Ratio below 1 implies
a suppression or disappearance of hadrons, which is statistically significant (and maximal)
at A¢p = mrradians. Note that the suppression at the highest center-of-mass energy of 90 GeV
is almost a factor two larger than that seen at 40 GeV.

azimuthal plane is sensitive to the transverse momentum dependence of gluons as the par-
ton shower develops, and to their interactions amongst themselves—the mechanism that
leads to saturation. The experimental signature of saturation is a progressive suppression
of the away-side (A® = ) correlations of hadrons with increasing atomic number A at a
fixed value of x. A systematic comparison of the magnitudes and widths in the dihadron
azimuthal distribution in e + p and e 4 A collisions should lead us to the appropriate con-
clusion about the existence of saturation [41, 60]. In Figure 2.10, we plot the ratio of the
correlations functions in e 4+ Au to those in e + p for three energies. The suppression at
the highest center-of-mass energy of 90 GeV is almost a factor two larger than that seen
at 40 GeV. Since the typical uncertainties in saturation models are approximately equal
to what would be a suppression of 20%, a significantly larger suppression ratio would
be highly desirable, suggesting the highest possible center-of-mass energy is essential for
establishing saturation unambiguously.

Diffraction in e + A scattering is another promising avenue to establish the existence of
saturation and study the underlying dynamics. Diffraction entails the exchange of a color
neutral object between the virtual photon and the target. A consequence of this is a rapid-
ity gap between the target remnant and the diffractively produced system. Conversely, if
the exchanged particle is not color neutral, then in the detector one would observe a broad
spray of final state hadrons filling up the rapidity gap. At HERA, these types of diffractive
events made up a surprisingly large fraction of the total e 4 p cross section (10-15%). There
are two explanations of such large diffraction cross-sections. One is the physics of satura-
tion. The other is due to nonperturbatively shadowed diffractive structure functions that
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satisfy leading twist evolution equations. At EIC, the diffractive DIS off nuclei, saturation
models predict that over 20% of the cross-section will be diffractive. In contrast, the pertur-
bative QCD based leading twist shadowing models do not predict any such enhancement.
Since diffractive cross sections are proportional to the square of the nuclear gluon distri-
bution, they are very sensitive to the onset of gluon saturation, and are important for the
study the gluon saturation.

Machine Parameters For Studies of Gluon Saturation

Highest energy operation of the EIC with the heaviest nuclei will be an essential require-
ment for discovery of the gluon saturation. A detailed study of saturation beyond its
discovery would require a systematic variation of the nuclear size and of the /s to see
where the saturation sets in. Di-hadron correlation studies performed with an 10 fb~!/A
integrated luminosity is sufficient to get a clean signature. Such integrated data sets are
also sufficient for many diffractive studies, and many of these measurements could be per-
formed simultaneously for a particular nucleus. We conclude that achieving the highest
possible energy is the most crucial requirement for this key EIC physics.

2.2.3 Passage of Color Charge Through Cold QCD Matter

Figure 2.11 shows a schematic of an e 4 A scattering event. The virtual photon transmits
the energy from the electron and interacts with a quark inside a nucleon in the nucleus.
The struck quark will subsequently traverse the nucleus, interacting with the color charges
inside the nucleus and continually lose energy. At some point, this quark will hadronize
and form a color neutral hadron. Whether the hadronization process happens inside or
outside the nucleus depends on the interplay between the energy of the quark and the
atomic number of the nucleus.

If the virtual photon energy (in the nuclear rest frame) is large, the quark that is kicked will
have a large energy and produces a jet. Because of its high energy, a jet is a better surrogate
for the kicked parton than just the leading hadron. It is also expected that the variability of
energy of the collider and the ”dialing” of the nuclear size, both of which are possible with
the EIC, will allow us to study the emergence of jets as a function of energy, and to study
the internal spatial structure of jets systematically as an additional topic of high interest.
A comparison of jets in e + A versus e 4 p collisions is thus a promising avenue to study
a broad set of QCD phenomena related to the passage of color through cold QCD matter
and the hadronization/fragmentation processes.

At the LHC, jets have been used very effectively in p+p, p+A, and A+A collisions to study
various QCD phenomena. We understand jets much better now than before the beginning
of the LHC program. The experience thereby gathered can be gainfully applied to physics
at the EIC. Jets are a promising and extremely useful tool for the study of QCD hadroniza-
tion and parton shower evolution. They also will be an effective tool to be employed to
measure and study the hadronic component in high energy photon structure [61] and glu-
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Figure 2.11: Schematic depiction of a struck parton propagating through cold nuclear matter
resulting in the formation of a single jet.

ons” helicity in polarized protons. [41].

Machine Design Parameters For Jets Studies

Jets can only be produced and identified cleanly at high enough collider energies. High
momentum jets feature higher hadron multiplicity and a more complex internal structure.
As such, high center-of-mass energy is vital for jet studies. Nuclear size is an essential
control variable in these experiments and a broad range from light to heavy nuclei would
be desired for systematic studies of energy loss in a nuclear medium.

2.3 Summary of Machine Design Parameters for the EIC Physics

Having given an overview of the highlights of the EIC science and the machine require-
ments for achieving them, we summarize them here with additional comments. As sum-
marized in section 1.2 in the EIC White Paper [1], where the important machine design
parameters are discussed in detail, the successful scientific outcome of the EIC depends
critically on: a) the luminosity, b) the center-of-mass energy, c) the lepton and light ion
beam polarization, and d) having ion beams from deuteron to the heaviest nuclei. Two
interaction regions are desired to ensure a robust physics program with complementary
detector systems.

Luminosity

In the discussion of each physics topic we mentioned, the integrated luminosity needed.
eRHIC is being designed to achieve peak luminosities between 103 ~34cm =2 sec™!. A lu-
minosity of 10%3cm2sec™ ! and strong hadron cooling (Lpeax = Lavg) and an assumed 60%
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operations efficiency for the collider complex, as routinely achieved by RHIC, yields an
integrated luminosity of 1.5 fb~! per month. Without strong hadron cooling for the same
operations parameters, one would get a 30% reduction, as the the average luminosity Layg
per fill is reduced to 70% of the peak luminosity L. Most of the physics topics dis-
cussed in the EIC White Paper [1] and here are achievable with an integrated luminosity
of 10 fb~!, which corresponds to 30 weeks of operations. The exception is the study of
the spatial distributions of quarks and gluons in the proton with polarized beams. These
observables require up to a integrated luminosity of 100 fb~! and would therefore benefit
from an increased luminosity of 10%*cm~2 sec™!. It should be noted that many measure-
ments can be performed simultaneously by judiciously choosing beam species and their
spin orientation appropriately.

Center of Mass Energy

In the EIC White Paper [1], a range of /s of 20 to 140 GeV is suggested. A recent study
[41] showed that most of the compelling science goals benefit from higher center-of-mass
energy. A /s,y = 140GeV is needed to provide kinematic reach well into the gluon
dominated regime. Some measurements require a variation in /s. While the minimum
center-of-mass energy in the EIC White Paper [1] was indeed suggested as 20 GeV, recent
studies suggest that 40-45GeV [41] is sufficient. Therefore, the eRHIC design value of
29 GeV is a fine minimum operating energy.

Polarization of beams

EIC Physics involves two types of asymmetries: one is double spin asymmetries, requiring
both electron and hadron beams to be polarized, and the other is single spin asymmetries,
requiring only one beam—mostly the hadron beam—to be polarized. The statistical un-

certainties for double spin asymmetries are A ~ 1/ [PEPP VN } , while for single spin

asymmetries A = 1/ [P\/N ] . Therefore high beam polarization is a very effective way

to reduce statistical uncertainties. Measurements require longitudinal and transverse po-
larization orientation for protons, deuterons, He and other polarizable light nuclei, and
longitudinal polarization for the electron beam.

Nuclear Beams

Ion beams of the heaviest nuclei (Gold, Lead, or Uranium) combined with the highest /s,
will provide precocious access to the domain of saturated gluon densities and to under-
stand how color propagates through nuclear matter. Light ions are also essential to study
how such effects scales with A and for precision studies of the proton structure of short
range nuclear interactions.
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2.4 Scientific Requirements for the Detectors and IRs

The physics program of an EIC, imposes several challenges on the design of a detector
and, more globally the extended interaction region as it spans center-of-mass energies from
29GeV to 141 GeV, different combinations of both beam energy and particle species, and
several distinct physics processes. The EIC science program can be categorized in different
experimental measurements as show in Table 2.1.

Table 2.1: Different experimental measurement categories at an EIC.

Inclusive DIS: e + p/ A — ¢’ + X; for this process, it is es- K
sential to detect the scattered electron with high precision. ‘

The scattered electron is critical for all processes to deter- g

mine the event kinematics.

Semi-inclusive DIS: ¢ + p/A — ¢’ + h*? + X, which re- incoWered epren
quires detection of at least one hadron in coincidence with —,
the scattered electron. fivel phofody

uu

target nucleon

String Breaking !

Exclusive DIS: e + p/A — ¢ +p'/A + y/hFP/VM,
which require the detection of all particles in the event with
high precision.

electro-weak processes: ¢ + p/A — v + X; at high
enough momentum transfer Q?, the electron-quark inter-
action is mediated by the exchange of a W* gauge boson
instead of the virtual photon. In this case the event kine-
matic cannot be reconstructed from the scattered electron,
but needs to be reconstructed from the final state particles.

The directions of the beams are defined following the HERA@DESY convention: the
hadron beam travels in the positive z-direction/pseudo-rapidity and the electron beam
travels in the negative z-direction/pseudo-rapidity.
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2.5 Scientific Requirements for the Detectors

In this section we will discuss only the scientific requirements on a multipurpose detector
fully optimized for EIC physics that have consequences on the design of the interaction
region. All the different physics processes to be measured at an EIC require the recon-
struction of the event (x, QZ, y, W) and final state particle kinematics (pr, z, ®, 6) with high
precision. In order to access the full x — Q? range at different center-of-mass energies, the
detector must be able to reconstruct events over a wide span in pseudo-rapidity.

2.5.1 Inclusive and Semi-inclusive DIS

To minimize the energy loss and multiple scattering of the scattered electron and not to
degrade the resolution of the kinematic variables (x, Q?,y, W) derived from the scattered
electron, the beam pipe needs to be as thin as possible and made from a low mass material, i.e.
Beryllium. As shown in Section 1.1, to study non-linear QCD effects at the largest gluon
densities electron-nucleus (i.e. U, Pb, Au) collisions at the highest center-of-mass energies
are required. At eRHIC, this means 18 GeV electrons colliding with heavy ion beams of
110GeV to reach Q> < Q? (~ 1GeV?) at as low x as possible. Figure 2.12 shows the
relationship between Q? and pseudo-rapidity of the scattered electron. To reach Q2 ~
1 GeV?, the scattered electron needs to be detected down to a pseudo-rapidity of -4, which
corresponds to an angle of 2° off the beam line. The electron scattering angle especially
at low Q? is independent of the hadron beam energy. As such, no collider equipment can be
installed inside the main detector volume and extend beyond 1.5°.
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Figure 2.12: Q? vs. pseudo-rapidity in the laboratory frame for the scattered electron at
different center-of-mass energies. The following cuts have been applied: 0.01 < y < 0.9,
with inelasticity, y, defined as the fraction of the electron’s energy lost in the nucleon rest
frame. The electron scattering angle especially at low Q? is independent of the hadron beam
energy.
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2.5.2 Exclusive Processes

Exclusive processes require a careful design of the detector and the IR in the outgoing
proton/nucleus beam direction. Contrary to exclusive electron-proton events, for electron-
nucleus collisions it is not possible to tag the outgoing intact scattered nucleus. Therefore,
another technique needs to be realized to ensure exclusivity. One can require a “rapidity
gap” in the detector, meaning that there is a region in the detector from the hadron beam
towards the center of the detector in which there is no activity from the hadronic final state.
The efficiency for detecting exclusive events and their purity therefore depends strongly
on the rapidity coverage of the detector. Simulations have shown that a rapidity coverage
of -2 to 4 is required to have detection efficiencies > 90% and a purities > 90% for exclusive
e + A events assuming a cross section ratio of Exclusive-to-DIS events of 10:90 as measured
at HERA. Therefore no collider equipment can be installed inside the main detector volume and/or
extend beyond 1.5° in order to not compromise the efficiency and purity of exclusive events that are
detected through the rapidity-gap method.

2.5.3 General Purpose EIC Detectors

A possible baseline detector design, closely following the physics requirements outlined in
the EIC White Paper [1], is shown in Figure 2.13. General IR requirements for any detector
are similar due to the event geometries expected at the EIC, but details in detector de-
sign and technologies may differ. We assume the following characteristics for the present
discussion.

The compact tracker, located symmetrically with respect to the IP, consists of a MAPS sili-
con barrel vertex detector augmented by a set of forward /backward disks, and a two meter
long TPC with a gas volume outer radius of 0.8 m and several GEM stations, all placed into
a 3T solenoidal field. The TPC is specifically chosen as the main tracking element because
of its small overall material budget as it minimizes the rate of photon conversions in detec-
tor components. Besides this, the TPC should provide good charged particle-identification
(PID) at central rapidities complementing a DIRC or proximity focusing RICH. The vertex
detector covering the central rapidity range —1 < 1 < 1 has four layers of high-resolution
MAPS sensors with a 20 ym pixel size and an effective thickness of only ~ 0.3% radiation
length per layer. Such a setup enables a momentum resolution better than 3% for scattered
electrons and secondary charged hadrons for momenta up to a few tenths of GeV/c in the
pseudo-rapidity range —3 < 17 < 3. For a compact forward tracker design, it is critical to
maintain high spatial resolution. At present, a 20 um MAPS pixel size, the same as for the
vertex detector, is anticipated.

The detector will be equipped with a set of electromagnetic calorimeters, hermetically cov-
ering a pseudo-rapidity range of at least —4 < 1 < 4. The calorimeter technology choice is
driven by the fact that a moderately high-energy resolution in the order of ~ 2 —3%/+/E,
is needed only at backward (electron-going) rapidities. Therefore, in the present design the
backward endcap calorimeter for the —4 < 17 < —1 range is composed of PWO crystals at
room temperature. At the very backward rapidities (7 < —3), where tracker momentum
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| silicon trackers | | TPC | | GEM trackers | | 3T solenoid coils |

Figure 2.13: A dedicated eRHIC detector with tracker and calorimeter components imple-
mented in the EicRoot GEANT simulation framework [62].

resolution is not sufficient to yield a reliable electron-hadron separation based on E/p, a
hadronic calorimeter, installed behind the electromagnetic one, will be used. Both forward
and backward hadronic calorimeters are of a sandwich lead scintillator plate sampling
type. The calorimeters in the forward and backward directions are preceded by a RICH
detector for PID. A compact design will still require +4.5m space around the interaction
point (IP). This impacts the required length around the IP that has to be kept free of ma-
chine elements, typically referred to as L*.

2.6 Scientific Requirements for the Interaction Regions

To cover the physics program, as described in earlier sections, it is extremely important to
integrate the detector into the interaction region already during the early design stages of the
collider. In the following, the requirements will be discussed, categorized according to the
processes described in Table 2.1.
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2.6.1 Exclusive Processes

The detection of forward-going scattered protons from exclusive reactions, as well as of
decay neutrons from the breakup of heavy ions in incoherent and non-diffractive reactions,
is particularly challenging.

Electron-Proton Scattering: In general, for exclusive reactions, one wishes to map the
four-momentum transfer, or Mandelstam variable ¢ (= p% of the scattered proton) of the
hadronic system, and then obtain an image of the spatial partonic structure of the proton
by a Fourier transform of the (un)polarized cross section as function of t. Figure 2.14 shows
what fraction of the beam momentum (x;, = p} /PBeam) is carried by these scattered pro-
tons as measured by ZEUS at HERA [63] and the correlation between the proton scattering
angle and its momentum. This illustrates that the remaining baryonic states go in the very
forward proton-beam direction. Even at a proton energy of 50 GeV, the proton scattering
angles only range to about 25 mrad. At proton energies of 250 GeV, this number is further
reduced by a factor of five. In all cases, the scattering angles are small. As discussed ear-
lier (see section 2.5), the main detector reaches down to a rapidity -4 to 4, corresponding
to 35 mrad from the beam line. Therefore, these protons are not seen in the main detector
and need a different technique to be detected, i.e. Roman Pots. Their acceptance strongly
depends on the exact interaction region design.
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Figure 2.14: Left: Fraction of the beam momentum carried by the scattered protons as
measured by ZEUS at HERA. Right: The scattered proton momentum vs. scattering angle
in the laboratory frame for DVCS events with different beam energy combinations. The
following cuts have been applied: 1GeV? < Q? < 100GeV?,0.01 < y < 0.85,10 -5 < x <
0.5 and 0.01GeV? < t < 1GeV?. The angle of the recoiling hadronic system is directly and
inversely correlated with the proton energy. It thus decreases with increasing proton energy.
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Figure 2.15 (top) shows the cross section of exclusive real photon production (DVCS:
ep — €'p’) as function of t. The red dots represent the measurements and their sta-
tistical precision as obtained at eRHIC for /s = 141 GeV and an integrated luminos-
ity of 10fb~! for 0.03GeV? < |t| < 1.6GeV? corresponding to an acceptance in pr of
0.18GeV/c < pr < 1.3GeV/c, which is the nominal requirement from the EIC White
Paper. The blue curves represent an exponential fit to the measured points for different
regions in ¢t with the width of the band representing the uncertainty of the fit. The different
rows show the result for different acceptances in pr of the scattered protons. The lower
row shows the impact parameter dependent PDF obtained from a Fourier transform of the
cross section measurement with different pr acceptances. The bands represent the para-
metric errors in the fit and the uncertainty from different extrapolations to the regions of
unmeasured (very low and very high) pr of the scattered protons. Based on these studies
and the EIC White Paper, protons with 0.18 GeV/c < pr < 1.3GeV/c need to be transported
through the IR such that they can be detected as soon as they are separated from the core of the beam.
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Figure 2.15: Top: The cross section as function of t. The red dots represent the measurements
and their statistical precision as obtained at eRHIC for /s = 141 GeV and an integrated lu-
minosity of 10 fb~!. The blue curves represent an exponential fit to the measured points for
different regions in t with the width of the band representing the uncertainty of the fit. The
different rows show the result for different acceptances in pr of the scattered protons. Bot-
tom: The impact parameter dependent PDF obtained from a Fourier transform of the mea-
sured cross section with different pr acceptances. The bands represent the parametric errors
in the fit and the uncertainty from different extrapolations to the regions of unmeasured
(very low and very high) pr of the scattered protons. Left: 0.18GeV/c < pr < 1.3GeV/c,
0.03GeV? < |t| < 1.6GeV?; Middle: 0.44GeV/c < pr < 1.3GeV/c; Right: 0.18GeV/c <
pr < 0.8GeV/c.
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To obtain a full picture of the (un)polarized spatial partonic imaging of the proton it is criti-
cal to have measurements of the (un)polarized diffractive cross sections of reactions with a
charge exchange, like e + p — ¢’ + n. In this case the four-momentum transfer ¢ is obtained
from the forward scattered neutrons. Figure 2.16 shows the correlation of the scattering an-
gle of the neutrons as function of ¢ for two different beam energy combinations. Like for
the protons, the neutrons are scattered at very small angles with respect to the outgoing
proton beam. These neutrons with an angular distribution from 9 mrad (at \/s = 141 GeV) to
26 mrad (at \/s = 32GeV) from the hadron beam axis need to be transported through the IR to a
zero-degree calorimeter.

1 SERESE T T R L 10 1 RERCSE T T T T T T ;
0o [ 5 GeV x50 GeV . 09 b 20 GeV x 250 GeV {7
0.8 [ 1 0.8 1 o
0.7 - 0.7 |- 1
0o 0
0.6 - _ 06 ]
NA (3] b
>
] 0.5 - 505 [ 1
) 2 G° 0
- 0 <
04 [ 04 4
0
S 3 ~ B
0.3 0 0.3
02 [ 0.2 [ .
» 0
01 [ 0 0.1 [ |l-
0 Il 1 Il | l Il 0'.‘.‘l‘lA | EFEPEPETE R | . | TN Y. B
176 1765 177 1775 178 1785 179 179.5 180 176 1765 177 1775 178 1785 179 179.5 180
Neutron Scattering Angle (deg) Neutron Scattering Angle (deg)

Figure 2.16: The neutron scattering angle as function of ¢ in the laboratory frame for two
different beam energy combinations. Note a scattering angle of 180° corresponds to the
outgoing proton beam direction in this plot.

Electron-Nucleus Scattering: The only possible way to tag exclusive electron-nucleus
events for heavy nuclei is to veto nuclear breakup. For coherent diffractive events the in-
tact nucleus is scattered under very small forward angles in the outgoing beam direction
and mainly remains inside the beam envelope. Tagging exclusive events can be realized by
requiring no neutrons from the nuclear breakup in a zero-degree calorimeter. Figure 2.17
shows the breakup neutron momentum vs. scattering angle in the laboratory frame for
different beam energies. To achieve a very high tagging efficiency of ~ 100% for coherent diffrac-
tive electron-nuclei scattering events one needs to transport neutrons within a cone of four mrad to
six mrad, depending on the beam energy, through the IR to a zero-degree calorimeter.

For all the different processes, collision geometries in e + A (See Figure 2.18) can be deter-
mined by utilizing the ZDC. The number of forward neutrons produced and detected in
the ZDC is expected to be sensitive to the path length d of the parton and fragmentation
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Figure 2.17: The scattered neutron momentum vs. scattering angle in the laboratory frame
for different beam energies.

of the colliding nucleon along the virtual photon direction in the nucleus. See Figure 2.18
for the correlation between the number of forward scattered neutrons and the path length.
The geometric information is an additional and useful gauge for investigating properties
of partonic interactions in nuclei. While the impact parameter b has a correlation with the
number of neutrons in the ZDC, the most “central” collision in e + A (b ~ 0) can be identi-
tied from events with the highest neutron multiplicity since the longest path length of the
nucleon fragmentation in the nucleus is expected to be at b = 0. This will be an effective
tool for selecting events with maximized nuclear effects in SIDIS e + A collisions, like e.g.,
dihadron correlation studies [60, 65].

Recent physics studies showed that selecting on the number of neutrons to reach a central-
ity of > 5% enhances the effective A in the reaction, which is crucial for any measurements
of non-linear effects in QCD. This, and the requirement that the four-momentum transfer
t in diffractive reactions with a charge exchange is obtained from the neutron, requires
a ZDC with higher energy resolution (=~ 30%/+/E) than is currently achieved at RHIC
(65%//'E + 15% for a ZDC size of 10cm x 10cm x 60cm). This requires more space in
x-y to integrate a ZDC in order to minimize shower leakages in the transverse direction at
30 m from the IR. The required space will depend on the exact detector technology chosen;
for examples see [66,67]. The longitudinal size required would be around one meter.
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Figure 2.18: Top-left: Collision geometry of e + A, showing the path length d of the parton
and fragmentation of the struck nucleon along the virtual photon direction. The impact
parameter b is defined as the transverse distance between the center of the nucleon and
the virtual photon. Top-right: Distribution of the path length as selected by the neutron
multiplicity. The estimate done using DPM]Jet-III [64]. Bottom: Correlation between number
of produced forward neutrons vs. path length of parton and fragmentation of the struck
nucleon in the nucleus. All the forward neutrons can be detected in the ZDC.

2.6.2 Inclusive Processes

There are many physics topics beyond what was discussed in the EIC White Paper [1] that
benefit from tagging the scattered electron at Q? values significantly below 1GeV2. An
example is the determination of the (un)polarized partonic structure of photons [61]. Scat-
tered electrons with a Q? < 0.5GeV? cannot be detected in the main detector; therefore,
as in HERA, a special low-Q? tagger is needed. The scattered electrons will be detected
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in an electromagnetic calorimeter with several Si-tracking planes in front. Such a device
needs to be well-integrated into the IR design and care needs to be taken to separate the
scattered electrons from electrons from the bremsstrahlung process, which, due to its high
cross section and the high eRHIC luminosity will be dominant. Figures 2.19 and 2.20 show
several kinematic relations for the scattered electron, i.e. Q? vs. rapidity, Q? as function of

the electron scattering angle, and its energy.
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Figure 2.19: Relation between Q? of the scattered electron rapidity for 5GeV and 18 GeV
electron beam energy.
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2.6.3 Electron-Nucleus Scattering

The physics program of an EIC requires electron-(un)polarized proton and neutron col-
lisions to allow full flavor separation of (un)polarized parton distribution functions. As
polarized neutron beams are not feasible, (un)polarized *He and deuterium beams consti-
tute effective proxy for a neutron beam. To ensure that the scattering really occurred on
the neutron, the spectator proton(s) need to be detected. Figure 2.21 shows the correlation
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Figure 2.21: The correlation of momentum and scattering angle for the spectator proton in
electron-deuteron and electron->He-scattering for two different values of /5.
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of momentum and scattering angle for the spectator protons from electron-deuteron and
electron-*He scattering for two different values of/s. The detection of these spectator pro-
tons is challenging as they have small scattering angles and a different rigidity compared
to the hadron beam, which leads to stronger bending in the magnets. The (un)polarized
3He and deuterium beams do not only constitute effective neutron beams, but also pro-
vide the possibility to study how the proton structure is modified if bound in a nucleus.
For this purpose, the spectator neutron needs to be tagged. These neutrons have the same
distribution in scattering angle and momentum as the protons. Therefore, a ZDC with its
acceptance optimized for break-up neutrons as described above (see Figure 2.17) will also
have a high acceptance for these spectator neutrons.

2.6.4 Auxiliary Detectors

To utilize the full statistical power made possible by the high luminosity of 10 to
10%* cm2sec !, it is indispensable to have high precision measurements of the electron
and hadron beam polarizations and the luminosity. Doubly polarized electron-hadron col-
liders are the best way to unravel the internal structure of the nucleons and are the only
tools which will allow us to finally unravel how the spin of the proton is built by its quarks
and gluons. Figure 7 in Ref. [45] shows, that for a high precision determination of the
gluon contribution to the spin of the proton, the overall systematic uncertainty should be
around two percent. An increase of the overall systematic uncertainty of five percent leads
to a 30% increase in the uncertainty of the contribution of the gluons to the spin of the
protons.

Luminosity

The bremsstrahlung process e + p — e + p + 7 was used successfully for the measure-
ment of luminosity by the HERA collider experiments [68-70]. It has the features of a
precisely known large QED cross-section resulting in negligible statistical uncertainty. In
contrast to HERA, where only the electron beam was polarized, both the electron and pro-
ton/light ion beams will be polarized in eRHIC. In this case the bremsstrahlung rate is
sensitive to the polarization dependent term a in the cross section Oprems = 00(1 + aP.DPy).
Thus, the polarization (P, P,) and luminosity measurements are coupled, and the preci-
sion of the luminosity measurement is limited by the precision of the polarization mea-
surement. This also limits the precision of the measurement of double spin asymmetries
Arp = 1/(PP,)(N*H/ == — RN*=/=%)/(N*+/== 4 RN*~/~+) through the determina-
tion of the relative luminosity R = L*+/~~/L*~/~F. The precision needed for the relative
luminosity measurement is driven by the magnitude of Ay at low-x and Q?, which s typi-
cally on the order of 10~%. At RHIC levels of 2 to 4 x 10~* have been achieved. A factor of 2
to 5 improvement is required for the EIC. As discussed earlier, due to the high luminosity it
is critical to minimize the systematic uncertainties; the requirement for the systematic un-
certainty is 6L /L < 1%. The straightforward method for measuring bremsstrahlung is to
use a calorimeter at zero degrees in the electron direction counting the resulting photons,
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the distribution of which is strongly peaked in the forward direction. The calorimeter is
also exposed to the direct synchrotron radiation fan and must be shielded, thus degrading
the energy resolution. At peak HERA luminosities, the photon calorimeters were hit by 1-2
photons per HERA bunch crossing. At an EIC luminosity of 103 cm 257!, the mean num-
ber of photons per bunch crossing is over 20 for electron-proton scattering and increases
with Z2 of the target for nuclear beams. The distributions are broad, with a mean pro-
portional to the number of photons per bunch crossing. The counting of bremsstrahlung
photons thus is effectively an energy measurement in the photon calorimeter with all of the
related systematic uncertainties (e.g. gain stability) of such a measurement. An alternative
method to counting bremsstrahlung photons, used effectively by the ZEUS collaboration
at HERA, employs a pair spectrometer. A small fraction of photons is converted into e e~
pairs in the vacuum chamber exit window. A dipole magnet splits the pairs and each par-
ticle hits a separate calorimeter adjacent to the unconverted photon direction. This has
several advantages over a zero-degree photon calorimeter:

e The calorimeters are outside of the primary synchrotron radiation fan.
e The exit window conversion fraction reduces the overall rate.

e The spectrometer geometry imposes a low energy cutoff in the photon spectrum,
which depends on the magnitude of the dipole field and the transverse location of
the calorimeters.

The variable parameters of the last two points (conversion fraction, dipole field and
calorimeter locations) may be chosen to reduce the rate to less than or of order one e*e™
coincidence per bunch crossing even at nominal EIC luminosities. Thus, counting of
bremsstrahlung photons is simply counting of e*e~ coincidences in a pair spectrometer
with only small corrections for pileup effects. Such a luminosity detector design needs
careful integration into the machine lattice, not only to allow for enough space for the pair
spectrometer, but also for the angular acceptance of the photons from the bremsstrahlung
process which is especially critical. Figure 2.22 (top) shows the angular distribution of pho-
tons from the bremsstrahlung process e + p — e + p + . The peak of the distribution
sits at 0.03 mrad with a long tail towards higher angles. However, as the angular beam
divergence of the electron beam is up to a factor 10 larger, it will completely determine
the acceptance for the photons from the bremsstrahlung process. Figure 2.22 (bottom) in-
dicates how the angular distribution is modified, including a crossing angle of 25 mrad,
an electron beam angular divergence of 0.1 mrad, and a z-vertex distribution of +2.5cm
(black curve), and how a x-y vertex distribution would impact the distribution (red curve).
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Figure 2.22: Top: The angular distribution of photons from the bremsstrahlung process
e+p — e+ p+ vy calculated with two different models (DJANGOH [71] and a “home-
written” MC based on the analytic Bethe-Heitler equations) integrated in Monte Carlo codes.
Bottom: The red curve illustrates how the angular distribution would be further modified if
the vertex distribution would be spread out in x and y by £0.5 cm. The black curve accounts
for a crossing angle of 25 mrad, a beam angular divergence of 0.1 mrad and a z-vertex distri-

bution of £2.5 cm.

Lepton and Hadron Polarimetry

Lepton Polarization: Compton back-scattering is the established method to measure
electron beam polarization in e — p colliders. At HERA, there were two Compton back-
scattering polarimeters [72], one measuring the transverse polarization (TPOL) of the beam
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through a position asymmetry, and another one measuring the longitudinal polarization
(LPOL) of the beam through an energy asymmetry in Compton back-scattered photons.
The TPOL and LPOL systematic uncertainties of HERA RUN-I were 3.5% and 1.6% and
Run-II 1.9% and 2.0%, respectively. To balance the expected high luminosity at the EIC,
these systematic uncertainties should be reduced to ~ 1%. Since it is not foreseen to mea-
sure the electron beam polarization at the IR, no constraints need to be considered. More
details on eRHIC electron polarimetry can be found in Section ??.

Hadron Polarization: Measuring the hadron beam polarization is significantly more in-
volved. Contrary to the electron case, there is no process that can be calculated from first
principles. Therefore, a two-tier measurement is needed: one providing the absolute po-
larization, which normally has low statistical power, and a high statistical power measure-
ment that measures the relative polarization. At RHIC [73], the single spin asymmetry Ay
of the elastically scattered polarized proton beam on a polarized hydrogen jet is used to
determine the absolute polarization. This measurement provides the average polarization
per fill and for each proton beam with a statistical uncertainty on the order of ~ 5% and a
systematic uncertainty of 3.2%. High-statistics bunch-by-bunch relative polarization mea-
surements are provided by measuring the single spin asymmetry Ay for scattering the
polarized proton beam off a carbon fiber target. To obtain absolute measurements, the pC-
measurements are cross-normalized to the absolute polarization measurements from the
hydrogen-jet polarimeter. The pC-measurements provide the polarization lifetime and the
polarization profile per fill with high statistical precision. The achieved total systematic
uncertainty for single spin asymmetries until 2015 is 3.4%.

The same concept is currently planned for all polarized hadron beams in the EIC, namely
proton, deuterium, and 3He [74]. It is foreseen to continue to have the absolute and rel-
ative hadron polarimeters located at IP12 in eRHIC; therefore, no constraints need to be
considered for the IR.

However, there is the requirement for a local polarimeter between the spin rotators to
monitor the degree of spin rotation from transverse in the arcs to longitudinal at the ex-
periments. This can be done by integrating a fast, high precision proton-carbon (pC) po-
larimeter into the extended IR. This pC polarimeter is based on very small angle polarized
proton-carbon elastic scattering in the Coulomb-Nuclear Interference region. The analyz-
ing power is maximum for transverse or radial hadron beam polarization and goes to zero
for longitudinal polarized hadron beams. The requirements on the extended IR region
are purely spatial (~ 0.5 to 0.8 m) to integrate the scattering chamber for the carbon tar-
get intercepting the beam and the Si-detectors to measure the elastically scattered carbons.
More details on the eRHIC absolute and relative hadron beam polarimetry can be found
in Section ??.
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2.6.5 Summary of Requirements for the Interaction Regions

Table 2.2 summarizes the requirements for the overall interaction region design derived
from the EIC physics discussed in the 2010 INT Report [40], the EIC White Paper [1], and
the document assessing the energy dependence of key measurements [41].

Table 2.2: Summary of the requirements from the physics program on the overall IR design.

Hadron

|

Lepton

Machine element free region

+4.5 m main detector
beam elements < 1.5° in main detector volume

Beam Pipe

Low mass material, i.e. Beryllium

Integration of detectors

Local Polarimeter

Zero Degree Calorimeter

40cm X 40cm X 1m @s = 30m

scattered proton/neutron acc.
all energies for e 4 p

Proton: 0.18GeV/c < pr < 1.3GeV/c

Neutron: pr < 1.3GeV/c

scattered proton /neutron acc.
all energies for e + A

Proton and Neutron:
6 < 6mrad (for /s = 50 GeV)
6 < 4mrad (for /s = 100 GeV)

Luminosity

Relative Luminosity: R = L*+/==/L*=/=+ <1074

7 acceptance: =1 mrad
—0L/L < 1%

Low Q?-Tagger

Acceptance: Q% < 0.1GeV




Chapter 3

eRHIC Design

3.1 Beam Parameters, Luminosities and Complex Layout

3.1.1 Beam Parameters and Luminosities

Overview

The polarized Electron-Ion Collider eRHIC provides collisions of polarized electrons and
polarized protons in the center-of-mass energy region from 20 to 141 GeV, and polarized
electron-heavy ion collisions up to 89 GeV/n. This is accomplished by adding an electron
storage ring with up to 18 GeV beam energy to the existing RHIC facility, and colliding
those electrons with polarized protons or heavy ions stored in the “Yellow” RHIC ring
operating at energies between 41 and 275 GeV (protons), or 41 to 110 GeV /nucleon (ions).
The high electron energy requires a large bending radius of the electron storage ring, which
will therefore be installed in the existing RHIC tunnel. Beams will be brought into colli-
sion in up to two interaction regions, namely in IR6 and IR8. Electron-proton luminosi-
ties reach 1.0 x 10** cm2sec™!. These high luminosities require strong hadron cooling to
counteract emittance growth due to intrabeam scattering, which is very challenging. To
mitigate the risk associated with strong hadron cooling, a scenario which uses the existing
“Blue” ring as a full-energy injector has been developed (see Appendix ??). In this scheme,
the entire hadron fill in the “Yellow” ring is replaced approximately every hour at colli-
sion energy, thus keeping the luminosity nearly constant. In addition to this mitigation,
a moderate luminosity scenario has been worked out that reaches luminosities of up to
4.3 x 108 cm2sec ! without cooling (Appendix ??).

These high luminosities are achieved by increasing the number of bunches, from 110 in
the present RHIC to 1160 (580 without cooling), and operating both the electron and the
hadron storage rings at their respective beam-beam limits. The beam-beam limits assumed
in the design are based on parameters achieved - or even slightly exceeded - at RHIC
(hadrons) and the eTe~ collider B-Factories PEP-II and KEKB (electrons). In addition, a
maximum synchrotron radiation power of 10 MW is chosen to limit operational costs. It
is worthwhile mentioning that this is not a technical limitation; in KEKB, the synchrotron
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radiation power loss per unit length, which at 10kW /meter is state-of-the art, is more
than twice as high as the 4 kW /meter in eRHIC.

Luminosity
The luminosity of an electron-ion collider is given as

NeNh
L =——Hfen, 3.1
4mtoyoy frep (3-1)

with N, and N}, being the electron and hadron bunch intensities, respectively, and oy and o,
the horizontal and vertical RMS beam sizes at the interaction point (IP), which are assumed
to be identical for the two beams. H is a factor reflecting the impact of the hourglass effect
and the crossing angle; it is near unity if the RMS bunch lengths are smaller than the IP
p-functions B, By, and the crossing angle is corrected using crab cavities. frep = Npfrev
denotes the bunch repetition rate, with N, the number of bunches per ring and fre, the
revolution frequency of the collider rings.

The numbers of particles per bunch, N, and N, are constrained by the beam-beam param-
eters G, j, v,y induced by each beam on the other, which are computed as

*
Coney = b NivePensy
ehxy =
4 27 ’)/E,ho'h,e,x,y(a'h,e,x + Uh,e,y)
_ The N, eh 1
- "N 7 (3.2)
27 Yeh€hexy 1+ Kx,y
where we have used
Oxy = \/ eh,x,yﬁz,x,y = \/ €exyBexy- (3.3)

71, are the classical radii of the hadrons or electrons, K, = 0y/0y, and K, = 0,,/ 0, while
€n,xy and €,y y denote the horizontal and vertical emittances of the hadron and electron
beam, respectively.

Expressing the bunch populations through the beam currents,

Ih,e = Nh,eq_frepr (34)

and combining Equations (3.1) to (3.4) we re-write the luminosity as

m>/ 35

B xBryBePey

RHIC has achieved a beam-beam parameter of ¢, = 0.015 in proton-proton collisions; we
therefore base the eRHIC design on the same value. Beam-beam tune shift parameters in
excess of ¢, = 0.1 have been reached at the e*e™ collider KEKB. The main parameters of
that machine resemble the eRHIC electron ring as shown in Table 3.1, and can therefore

L H\/’)/g’)/hlelh<1 + Kx)(l + Ky) (
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Table 3.1: Key design parameters of CESR-B [75], PEP-II [76,77], KEKB [78], and the eRHIC
electron ring. The eRHIC numbers in parentheses correspond to the version without strong
hadron cooling.

CESR-B PEP-II KEKB eRHIC
LER/HER LER/HER

Circumference C [m] 768 2200 3000 3834
No. of bunches N, 36 1588 1584 1160 (580)
Beam current I [A] 0.365 2.45/1.55 1.3/1.6 2.5
Bunch intensity N, [101°] 16.2 7.0/4.4 5.0/6.2 15 (30)
Beam-beam parameter ¢, 0.062 0.064/0.055 0.12/0.1 0.1
Transv. damp. decr. S[1074] 1.1 1.8/2 2.5 1.25

Table 3.2: Proton beam emittances and intensities achieved during regular RHIC operations.

Parameter Value
Bunch Intensity [10'°] 26
RMS Normalized Emittance, h/v [pm] 2.5/2.5
Longitudinal Bunch Area [eV - sec] 1.6

serve as a reference for eRHIC.

Taking into account all these constraints, the luminosity is maximized for flat beams with
Ky > 1, as indicated by Equation (3.5). This is realized by both unequal B-functions,
B: > Bj, and unequal emittances, €, > €,. While the latter is achieved naturally in any
flat electron storage ring due to the combined effects of synchrotron radiation damping and
quantum excitation, the horizontal ion beam emittance needs to be increased intentionally,
for instance by application of noise to a transverse kicker. In a well-decoupled, flat storage
ring with vanishing vertical dispersion this is also aided by intrabeam-scattering (IBS).

The magnitudes of the hadron design emittances are chosen such that they can be achieved
and maintained by the projected strong electron cooling facility, which has to counterbal-
ance the emittance growth rates due to IBS. Without hadron cooling peak luminosities
reach up to 4.3 x 10% cm~2sec™! based on hadron beam emittances close to those achieved
during current RHIC operations, which are listed in Table 3.2.

To reach an electron beam-beam parameter ¢, = 0.1, comparable to KEKB, sufficient
synchrotron radiation damping is necessary. While the transverse synchrotron radiation
damping decrement at KEKB was § = 2.5 x 104, simulation studies indicate that in eR-
HIC a transverse damping decrement of § = 1.25 x 10~* is sufficient for stable operation
at ¢, = 0.1. This is consistent with the fact that the maximum beam-beam parameter at
KEKB reached ¢, = 0.12.
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IP B-functions

The minimum achievable IP B-functions p* are limited by a number of factors. The p-
functions and therefore the transverse RMS beam sizes reach their maximum in the low-j
quadrupoles which are located at a distance [* from the interaction point (IP) according to

g )
BU) =P+ (3.6)
p

The eRHIC Physics program requires a machine-element free space of £4.5m around the
IP. In practice, due to required vacuum system elements such as warm-to-cold transitions
and bellows, the first magnets cannot be installed closer to the IP than approximately at
I* > 5m. The large B-functions resulting from small values of B* require large apertures in
those low-p magnets. As a consequence, for a given gradient requirement in those mag-
nets, the peak field has to increase accordingly. In order to reduce the risk and cost associ-
ated with building and operating those magnets, the maximum peak field for the eRHIC
IR magnets is kept low enough for conventional NbTi technology. For an electron ion col-
lider IR we must have coil structures that provide large magnetic fields in the hadron beam
aperture while shielding the electron beam from these fields, and the eRHIC experimental
physics program requires some hadron magnets to have very large apertures.

Large B-functions in the focusing quadrupoles result in large contributions to the chro-
maticity ¢ of the machine lattice,

1 f k(s)B(s) ds, (3.7)

47

(=

where k(s) denotes the quadrupole strength. This chromaticity has to be compensated us-
ing sextupole magnets in the arcs. Due to the nonlinear nature of those magnets they limit
the dynamic aperture of the machine. Experience at other colliders shows that sufficient
dynamic aperture can be achieved as long as the chromatic contribution of the interaction
region, {r, does not exceed approximately 1/3 of the chromaticity of the arcs,

gIR < %garcs- (3.8)

In the eRHIC electron ring lattice, this condition is fulfilled as long as the maximum g-
functions in the low-B quadrupoles do not exceed p ~ 800 m.

Small values of * in conjunction with long hadron bunches lead to a geometric reduc-
tion of the luminosity. Assuming Gaussian beams, this so-called hourglass effect can be
expressed as

R(ty ty) =

/ ep(—2)  dt
\/1+t2/t2 (1+2/8) VT

(3.9)
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with
o 2(03, 4+ 03%)
X2 2 % 2 /% 2 v 2 /a% 2\
(Uz,p +Uz,e)(0x,p /,Bx,p +Ux,e /ﬁx,e )

In addition, the finite eRHIC crossing angle of § = 25 mrad causes a further reduction of
the luminosity despite the use of crab cavities due to the finite wavelength of the 338 MHz
crab cavities, which causes a significant residual offset of the head and the tail of the long
hadron bunch w.r.t. the electron bunch. In the limit of short electron bunch length and
small crossing angle (sin 6 ~ ), the luminosity can be expressed as

(3.10)

2fNpN. 70‘1 eXP 2(02,+02,) 72,

o (270)3/2 ’
0z,p(271) 02 +0%,)(05. +05,)

_ (£sin(2kz)— 0z)? 252 }
L=

(3.11)

where k is the crab cavity RF wavelength , k = 27T ferap/ €, £ is the maximum offset at the
IP due to the crab cavity, and the z dependence of the transverse beam sizes are included.
The luminosity is close to maximum when 2k£ = 6. To limit the geometric luminosity
loss due to the hourglass effect and the finite wavelength of the crab cavities, the lowest
B* values should not be significantly smaller than the RMS hadron bunch length. Taking
sinx &~ x — x2/6 the two terms in the exponential of Equation (3.11) are equal at z = 0z,

when
2807, = 3,/0%, + 02, (3.12)

which can be used to judge the relative importance of bunch length and crab wave num-
ber as compared to transverse beam size. This shows that short hadron bunch length is
important.

Lastly, the EIC physics program requires detection of protons with a transverse momen-
tum as low as p; = 200MeV/c. At 275 GeV proton beam energy, for instance, this trans-
lates into a scattering angle of 0.72mrad. In order to detect these scattered particles, the
divergence angle of the proton beam itself at the IP has to be smaller than this scattering
angle, so the scattered particles travel outside the proton beam envelope where they can
be intercepted by dedicated detectors. Experience at HERA has shown that such “Roman
Pots” can be operated safely at a transverse distance of about 10 ¢ from the beam center,
where o denotes the RMS beam size at the location of the Roman Pot. This restricts the
RMS proton beam divergence at the IP to a tenth of the minimum scattering angle to be
detected, 100’ < 72mrad in at least one transverse plane. For a given proton beam emit-
tance this, in turn, limits the minimum B-function at the IP to

B >e/c” (3.13)

The short hadron bunch lengths require small longitudinal emittances in order to limit
the resulting momentum spread Ap/p for a given bunch length, which would otherwise
exceed the off-momentum dynamic aperture of the machine. In conjunction with high
bunch intensities, these small hadron beam emittances, on the other hand, result in fast
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emittance growth rates of approximately 2h due to intrabeam scattering (IBS) in the
10%* cm2sec™! luminosity version. This growth needs to be counteracted by strong
hadron cooling to achieve typical store lengths of 10-12 hours. In the moderate luminosity
scenario, minimum IBS growth times are 8 h, which is comparable to present RHIC and
therefore does not require cooling.

Beam heating

While short, intense hadron bunches are desirable to maximize the luminosity, they cause
a significant heat load for the cryogenic system due to the resistive wall impedance of the
stainless steel vacuum chamber inside the RHIC superconducting magnets, which scales
as the product of total beam current, I, and peak bunch current, I,

Peryo o< I+ 1. (3.14)

We will copper-coat the existing RHIC beam pipes in-situ to reduce their resistivity and
thus reduce the cryogenic heat load to less than 1 W /m.

With a given machine circumference of C = 3834 m, the large number of hadron bunches,
up to 1160, together with the high bunch intensity may give rise to electron clouds. The
threshold for this instability depends strongly on the secondary electron yield (SEY) of
the vacuum pipe surfaces. Simulations show that below an SEY of 1.2 the instability does
not occur. To reduce the secondary electron yield of the beam pipes to a sufficiently low
value, in-situ application of a thin amorphous carbon layer on top of the copper coating is
foreseen.

RF system

Together with the reduced longitudinal emittance achieved by bunch splitting, high RF
voltages are required to reach the desired short bunch lengths. It is planned to upgrade
the present RF system, which consists of 28 and 197 MHz cavities, with a 591 MHz RF
system, thus limiting the required RF voltage due to the higher harmonic number.

The total electron beam current I, = e - N, - f,, where e is the electron charge, is limited by
the available RF power required to restore the synchrotron radiation losses. This radiated
power can be expressed as

E. [GeV]* ‘

P kW] = 88.46 - = =

I [A]. (3.15)
Here E, is the electron beam energy, and r the dipole bending radius of the storage ring. To
limit the required investment cost for the storage ring RF system as well as the operating
cost, the synchrotron radiation power has been limited to 10 MW. The RF system in the
electron storage ring consists of superconducting 591 MHz two-cell cavities. With a voltage
of 3MV per cell, a total of 24 cells are required to provide the necessary voltage at 18 GeV
beam energy. The cavities are located in IR10.

Besides the RF power requirement the electron beam intensity is limited by collective ef-
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fects, namely the coupled bunch instability (CBI) and the transverse mode coupling insta-
bility (TMCI).

Beam polarization

Both the electron and the proton beam in eRHIC require a high degree of polarization.
Polarized protons with up to 65% polarization at energies up to 250 GeV have already
been routinely achieved using two Siberian Snakes in RHIC. Relocation of the two existing
Siberian Snakes from the Blue RHIC ring to the Yellow ring, which will be used for eRHIC,
and converting Blue spin rotators into two additional Siberian Snakes for the Yellow ring is
expected to increase spin polarization to the 70% level. Additional improvements planned
in the AGS will raise this level to 80%.

High polarization with arbitrary spin patterns in the electron ring is achieved by injecting
bunches with the desired spin orientation at full collision energy. Bunches with their spin
orientation parallel to the main dipole field of the storage ring will slowly reverse their
polarization direction due to the Sokolov-Ternov effect. It is therefore necessary to replace
entire bunches at a rate significantly faster than the Sokolov-Ternov time constant.

The shortest Sokolov-Ternov (de-)polarization time over the entire energy range of the
electron storage ring occurs at 18 GeV, where it reaches 75_1 = 28 min. Replacing individ-
ual bunches after approximately 4 min ensures a high level of polarization in either spin
orientation. Short bunch trains of 4 individual bunches are replaced at a rate of 1 Hz.

Electron bunches are generated in an SLC-type polarized electron gun. The SLC gun has
routinely generated 16 nC electron bunches at a 120 Hz rate with over 80% polarization.
This performance is sufficient for eRHIC, which requires 10nC at 1 Hz and similar polar-
ization levels. After pre-acceleration in a 400 MeV normal-conducting S-band linac these
bunches will be injected into a rapid-cycling synchrotron (RCS) in the RHIC tunnel to be
accelerated to full collision energy of up to 18 GeV. The RCS is ramped once per second
within 200 msec from 400 MeV to 18 GeV.

In order to preserve polarization during acceleration, the RCS lattice has a high superpe-
riodicity. Together with the appropriate choice of the betatron tune this ensures that no
intrinsic spin resonances are encountered during the entire ramp to 18 GeV. This high su-
perperiodicity is somewhat broken due to the required bypass around the eRHIC detector.
However, spin tracking studies have shown that less than 2% of the initial polarization is
lost during the ramp to 18 GeV even with an RMS orbit error of 1 mm. The RF system in
the RCS is comprised of normal-conducting 591 MHz cavities with a total voltage of 72 MV.

Polarized protons are injected from the existing AGS at 25.5 GeV, and accelerated to full
storage energy in the eRHIC hadron storage ring. With the maximum design bunch inten-
sity and longitudinal emittance being about half the values presently achieved in RHIC,
the required values can be reached by longitudinal bunch splitting. This splitting can be
performed either in the AGS or in RHIC. In the former case, injecting only one of the re-
sulting two bunches while discarding the second one allows bunch-by-bunch variations of
the spin pattern in the eRHIC hadron ring, while splitting bunches in the eRHIC hadron
ring leads to spin patterns consisting of pairs of bunches with equal spin orientation.
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While the spin orientation in both the electron and the proton beam is vertical in the
storage ring arcs, the experiments require longitudinally polarized beams. The necessary
spin rotation is accomplished by the existing helical dipole rotators in the proton ring,
and by solenoid-based spin rotators in the electron machine. Spin matching is required to
preserve spin polarization in the presence of these solenoids.

Interaction region

The beams are brought into collision in either one or two interaction regions (IRs), at
6 o’clock (present STAR location) and 8 o’clock (PHENIX/sPHENIX). The two beams
collide at a total crossing angle of 25 mrad, which provides early beam separation to avoid
parasitic collisions, and allows low-p quadrupoles for the two beams to be installed close
to the interaction point, with the first magnet located just outside the £4.5 long detector.
The crossing angle is compensated by sets of crab cavities in each beam. These 394 MHz
double quarter-wave crab cavities are scaled versions of the 400 MHz HL-LHC prototype
crab cavities.

Beam parameters

The beam parameters with and without strong hadron cooling and the resulting luminosi-
ties of electron-proton collisions at different center-of-mass energies /s are listed in Tables
3.3 to 3.4. The required bunch intensities and longitudinal emittances can be achieved
by longitudinal splitting of bunches with parameters very similar to present RHIC (see
Table 3.2), assuming a moderate increase of the bunch intensity listed in the Table from
26 x 10'° to 30 x 10 protons/bunch. The horizontal design emittances with strong
hadron cooling are very close to the ones already achieved, while the much smaller verti-
cal emittances are achieved and maintained by cooling. Depending on the actual cooling
scheme, this process may also affect the horizontal plane where cooling is not desirable.
The details of how to overcome this conundrum still need to be worked out.

Without hadron cooling, the vertical design emittances are identical to the ones achieved in
RHIC, except for the case of highest center-of-mass energy /s = 141 GeV, which requires
a slightly smaller vertical emittance that can be achieved by scraping in the AGS. The
horizontal emittances without cooling are about twice as large as in present RHIC and can
be easily achieved by application of noise to a broadband kicker or a deliberate injection
mismatch.

Tables 3.5 and 3.6 show parameters and luminosities for collisions of electrons with fully
stripped gold ions (Z = 79, A = 197). Without strong hadron cooling stochastic cooling
can be used to maximize the luminosities. The existing RHIC stochastic cooling system
needs to be upgraded for efficient operation with reduced bunch spacing between ion
bunches (in 660 bunch mode). This upgrade is expected to be straightforward.
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Table 3.4: eRHIC beam parameters for different center-of-mass energies /s, with strong hadron cooling. High acceptance configura-

tion.

Species proton electron | proton electron| proton electron| proton electron| proton electron
Energy [GeV] 275 18 275 10 100 10 100 5 41 5
CM energy [GeV] 140.7 104.9 63.2 44.7 28.6
Bunch intensity [10'] 19.53 6.248 6.9 17.2 6.9 17.2 4.7 17.2 2.6 13.3
No. of bunches 290 1160 1160 1160 1160
Beam current [A] 0.71 0.227 1 25 1 25 0.68 2.5 0.38 1.93
RMS norm. emit., h/v [um] 49/0.62 845/42.3(2.8/0.45 391/22 |3.5/0.25 391/27 |2.7/0.27 196/20 |1.9/0.45 196/34
RMS emittance, h/v [nm] 16.7/2.1 24.0/1.2|9.6/1.5 20/1.1 | 33/24 20/14 | 25/2.6 20/2.0 | 44/10 20/3.5
B*, h/v [em]] 395/4.0 274/7.0 |227/4.0 109/5.5|102/4.0 169/6.8 | 90/4.0 113/5.0| 90/7.1 196/21
IP RMS beam size, h/v [um] 256/9.2 148/7.8 184/9.7 150/10 198/27

Ky 0.036 18.9 18.9 14.9 7.3

RMS A6, h/v [purad] 65/229 94/131 | 65/196 135/143|180/243 109/143 167/253 133/202|220/380 101/129
BB parameter, h/v [1073] 3/1 100/71 | 14/5 75/71 | 11/8  75/57 | 15/10 100/66 | 15/9  53/42
RMS long. emittance [10~3, eV -sec] 36 36 21 21 11

RMS bunch length [cm] 6 0.9 6 2 7 2 7 2 7.5 2
RMS Ap/p [1074] 6.8 10.9 6.8 5.8 9.7 5.8 9.7 6.8 10.3 6.8
Max. space charge 0.006 neglig. | 0.003 neglig. | 0.027 neglig. | 0.019 neglig. | 0.05 neglig.
Piwinski angle [rad] 2.6 0.4 4.5 1.5 4.2 1.2 51 1.5 4.2 1.1
Long. IBS time [h] 2 3.4 2 2.6 3.8

Transv. IBS time [h] 2 2 2.0/3.0 2/4.8 34/21
Hourglass factor H 0.88 0.87 0.85 0.83 0.93
Luminosity [103cm2sec™] 0.83 6.4 4.07 3.16 0.44
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Table 3.6: eRHIC beam parameters for e-Au operation for different center-of-mass energies /s, with stochastic cooling.

Species Auion electron | Auion electron | Auion electron | Auion  electron
Energy [GeV] 110 18 110 10 110 5 41 5
CM energy [GeV] 89.0 66.3 46.9 28.6

Bunch intensity [10'°] 0.10 7.29 0.10 30 0.08 30 0.09 30
No. of bunches 290 580 580 580

Beam current [A] 0.29 0.26 0.57 2.18 0.44 2.18 0.50 2.18
RMS norm. emit., h/v [um] 20/20  845/60 | 2.0/20 391/102 | 2.0/20 196/63 | 2.0/2.0 196/113
RMS emittance, h/v [nm] 16.9/169 24.0/1.7 | 169/169 20.0/52 | 16.9/16.9 20.0/6.4 | 45.4/454 20.0/11.5
B*, h/v [cm]] 288/12  203/116 | 91/12 77/39 146/12  113/31 | 149/50  339/196
IP RMS beam size, h/v [um] 221/45 124/45 157/45 261/150

Ky 0.202 0.363 0.284 0.577

RMS A0, h/v [prad] 77/380  109/38 | 136/376 161/116 | 108/380 127/144 | 174/302 77/77
BB parameter, h/v [1073] 3/1 35/100 11/4 66/93 11/3 100/96 9/5 100/100
RMS long. emittance [103, eV -sec] 64 64 64 64

RMS bunch length [cm] 15 0.9 18 2 18 2 18 2
RMS Ap/p [1074] 10 10.9 10 5.8 10 6.8 13 6.8
Max. space charge 0.001 neglig. 0.001 neglig. 0.001 neglig. 0.007 neglig.
Piwinski angle [rad] 8.5 0.5 18.1 2.0 14.3 1.6 8.6 1.0
Long. IBS time [h] 2.65 2.65 3.39 2.02

Transv. IBS time [h] 1.02 0.80 1.32 0.93

Hourglass factor H 0.54 0.54 0.54 0.65
Luminosity [10*3cm~2sec™!] 0.14 2.06 1.27 0.31
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3.1.2 Layout of eRHIC Accelerator Systems

The eRHIC accelerator complex is composed of the existing systems that constitute present
RHIC and some systems which have been added. The most important existing system is
the RHIC storage ring with its superconducting magnets inside the RHIC tunnel. Only
one the the two superconducting rings, the “Yellow” ring, is used for eRHIC. The ring is
composed of six sextants separated by straight sections. The straight sections are labeled as
“2,4,6,8,10 and 12 o’clock”, with 12 o’clock being in the northernmost part of the ring, or,
alternatively, as IR2 to IR12. The ring complex also includes the hadron injector chain with
the AGS synchrotron, the Booster synchrotron, the injector linacs and the particle sources.
Furthermore there is a large cryogenic 4 K liquid helium plant located near IR6 that feeds
the superconducting magnets.

New systems are the electron beam complex consisting of the electron storage ring, the
electron injector synchrotron, and the electron injector. The storage ring and the injection
synchrotron are located in the RHIC tunnel. In addition there is a 150 MeV energy recovery
linac which provides electrons for strong hadron cooling.

The utility space of the present RHIC complex is not sufficient to host the equipment. A
number of new buildings is required. These are described in Sections ?? and ??.

Figure 3.1 provides an overview of the layout of the eRHIC facility. The diagram shows
the RHIC tunnel and labels indicate which of the new systems are located at or near which
straight section. The new systems are summarized as follows:

e IR6 and 8:
IR6 and IR8 accommodate the eRHIC colliding beam detectors and the magnetic
lattices required for the interaction regions. The interaction region straights also host
the spin rotators for electron and hadron beams, and the crab cavities for both beams.
For the hadron beam two times two crab cavities are required. The spin rotators of
the hadrons are identical to present RHIC. The crab cavities require a small 2 K liquid
He plant.

o IR4:
The hadrons traveling from the injection line via the “Blue” arc from IR6 to IR4 are
injected in IR4 and the new fast injection kickers of 25 m total length are located there.
This straight section also accommodates the room temperature RF for hadrons. The
hadron storage RF system needs an upgrade for splitting each bunch into 4 bunches
and to provide short bunches for collisions. These systems, consisting of 49 MHz and
98 MHz cavities for splitting, and 591 MHz storage cavities, are placed there as well.

o IR2:
This straight section hosts instrumentation, feedback systems, the electron source,
the 400 MeV S-band injector linac, and the beam dumps.

o IR12:
This straight section accommodates the polarimeters for both electron and hadron
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beams. The section will also contain the set up for electron cooling. At this location
a small 2K liquid He plant is needed for the superconducting ERL.
e IR10:

IR10 hosts the hadron beam abort and the electron RF systems for storage ring and
rapid cycling synchrotron.

p: 6 Snakes in dispersion

10 o’clock matching sections i.o'clock
p: ' )
* Instrumentation
* CeC ; o
© Beam Abort 12 o’clock * Source and 400
and Dump .
MeV Pre-Injector
* SRF X
o Polarimeters * Beam dump
* SRSRF L
« RCSRE Injectlo-n/
Extraction
* Polarimeter \ pring

p 41 Gev beamline

p injection line
— e storage ring
= e RCS injector

6 and 8 o’clock
Detectors
In each area:

SC Magnets

* SRF C'rab-Cawtles 4 o’clock
SC Spin Rotators p:
SRF Crab . * Injection
.ra -cavities « Warm RF
SC Spin Rotators

Figure 3.1: Schematic layout of locations of eRHIC Accelerator Hardware Systems. The
yellow lines represent the “Yellow” ring for hadrons. The brown line indicates the hadron
injection line using the “Blue” arc, and the Blue arc in sector 2-12 which is used for 41 GeV
operation of hadrons, which requires a shorter circumference. The red line represents the
electron storage ring and the blue line the rapid cycling injector synchrotron. The dashed
line is the unused part of the “Blue” ring which will stay in place. Note that the lattice and
simulations described in this document are for the case of a single detector at the 6 o’clock
area. Calculations with a second detector at the 8 o’clock area are in progress. Initial studies
for the two-detector configuration are described in Sections ?? and ??.
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3.2 Interaction Region Development

3.2.1 Interaction Region Design Concept

The design parameters of eRHIC and their rationale have been discussed in Sections 3.1.1.
Some parameters relevant for the interaction region design are repeated in Table 3.7 for
convenience.

Table 3.7: Key beam parameters at the energy point of highest luminosity relevant for the
interaction region design.

Proton Electron | Proton Electron | Proton Electron
Ecm [GeV] 105 140 29
Energy [GeV] 275 10 275 18 41 5
€y [Nm] 9.6 20.0 15.8 24.0 43.6 20.0
€y [nm] 1.5 1.2 2.5 2.0 10.3 35
B [cm] 90 43 90 59 90 196
By [em] 4.0 5.0 4.0 5.0 7.1 21.0

The purpose of the interaction region (IR) is to focus the beams to small spot sizes at the
collision point and to separate them into their respective beam lines while providing the
space and geometry required by the physics program for the detector. The separation is
accomplished by a total crossing angle of 25 mrad between the two beams, which has the
advantage of avoiding the introduction of separator dipoles in the detector vicinity that
would generate huge amounts of synchrotron radiation. The detrimental effects of this
crossing angle on the luminosity and beam dynamics are compensated by a crab-crossing
scheme. Figure 3.2 shows a zoom in of the rear and forward side of the IR.

The layout of the interaction region (IR) fulfills the following requirements:

e To achieve high luminosity, small beam cross sections are required. The beams are
strongly focused at the interaction point (small *) by low-B-quadrupole magnets
(also referred to as final focusing quadrupoles).

e The final focusing quadrupoles must have sufficient aperture for the large beam size
at their location.

e Large contributions to the chromaticity, which is a set of parameters characterizing
the energy sensitivity of the beam optics, are generated in the low-p quadrupoles.
Chromaticity needs to be compensated by nonlinear sextupole fields which, in turn,
limit the dynamic aperture. The IR design balances small f* and tolerable values of
chromaticity.
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Figure 3.2: A zoom of the interaction region layout in the rear (top) and forward (bottom)

directions.

e The colliding beam detector requires a large acceptance of protons scattered off the
collision point. Therefore, we do not place accelerator components inside the detec-
tor (4.5 m from the IP). Some of the low-B quadrupoles have even larger apertures
so that scattered protons and neutrons can be detected by detector elements placed
further downstream.



3.2. INTERACTION REGION DEVELOPMENT 107

e The beam divergence (and the minimum f*) is restricted to enable detection of for-
ward scattered protons with transverse momentum as small as p; = 200MeV/c.
These particles are then outside the 10 proton beam envelope and are detectable
by near-beam-detectors, “Roman Pots”, which are placed along the forward hadron
beam pipe.

e The beams collide under a crossing angle of 25mrad to separate the electron and
proton beams quickly, to avoid parasitic collisions and to provide space for a neu-
tron detector at zero degree in the forward ! direction and the luminosity detector in
the in the rear side where the electron exit. An important factor is the large bunch
frequency (up to 99 MHz, which corresponds to only 10 ns bunch spacing) required
for high luminosity. The crossing angle effects (enlarged transverse beam size and
excitation of synchro-betatron resonances) must be compensated for by using crab
cavities, transverse RF resonators which kick the head and the tail of the proton (and
electron) bunches in opposite directions in the plane of the crossing angle. These cav-
ities are placed at a horizontal betatron phase advance of 7t/2 from the interaction
point (IP) on both the rear- and the forward sides, forming a 180° bump. This causes
the bunches to be tilted in the horizontal plane by exactly half the crossing angle at
the IP, and provides (ideally) the same collision geometry as head-on collisions and
thereby avoids synchrobetatron coupling.

e Strong synchrotron radiation, which might be generated by the electron beam, can
destroy sensitive detector equipment and make data-taking impossible. Therefore,
we argue that the electron beam must not experience dipole fields in the interaction
region (IR), and certainly not upstream of the IP (we use the term forward side).
This is another strong reason why the two beams must collide at a crossing angle.
Synchrotron radiation generated in the low- quadrupoles on the rear-electron side
should be absorbed on the rear side of the IR as far as possible from the detector so
as to minimize backscattered photons. This requires an extra large aperture for the
electron low-p quadrupole magnets on the downstream side of the IP.

e Both the light hadron and electron beams are spin polarized. Polarization is only
stable if the polarization direction coincides with the direction of the guide field in
the arc. In collisions, the spins of the electron beam are oriented longitudinally and
the ones for the hadron beam either longitudinally or transverse. Thus the IR design
accommodates pairs of spin rotators, which ensures longitudinal spin at the IP and
vertical spin in the arcs. The spin rotators in the hadron ring already exist and are
unchanged in this design. The spin rotators for the electron beam consist of two pairs
of strong solenoids with quadrupole magnets in-between each pair which are tuned
such that the x-y coupling by the two solenoids cancels. This set of four solenoids
is required on both sides of the IP. The beam transport between the rotators is “spin
transparent”. This means that the magnetic fields in quadrupole magnets experi-
enced by a particle performing betatron and synchrotron oscillations cancel between
the spin rotators.

1The IP separates the IR into a forward and a rear side or direction. The forward side is the side of the
proton beam coming from the IP and the rear side is the side of protons going to the IP.
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e The IR layout must provide room for a luminosity monitor on the rear side. This
monitor detects hard y-rays that are generated in the Bethe-Heitler process and ex-
ploited for luminosity measurement. The dipole magnet bending the electrons away
from the path of the ¥ beam is at the same time a spectrometer magnet for the off-
momentum electrons generated at low Q.

e On the forward proton side, a neutron spectrometer is required. A dipole magnet
bends the hadron beam away from the collision axis to provide space for this ele-
ment. It also generates dispersion which helps to detect forward scattered protons in
detectors that are integrated into the hadron beam pipe (called “Roman Pots”)

The small B-functions at the IP necessitate focusing elements as close as possible to the
IP. This is accomplished by a combination of dual-aperture magnets and single-aperture
quadrupoles with field-free regions for the electron beam, as shown in Figures 3.3. De-
sign magnet apertures are chosen such that a minimum aperture radius of 10¢ for protons
and 15¢ for electrons is ensured in all operating modes. Tables 3.8 to 3.10 list the magnet
parameters in the electron and proton beam lines and their positions, beginning from the
interaction point (IP).

Table 3.8: Forward hadron magnets, the settings are for 275 GeV.

FORWARD DIRECTION Hadron Magnets

BOPF BOAPF Q1APF QIBPF Q2PF BIPF BI1APF
Center position [m] 5.9 7.7 9.23 11.065 14.170 18.070 20.820
Length [m] 1.2 0.6 1.46 1.6 3.8 3.0 1.5
Center position w.r.t. to x-axis [cm] | -1.50 5.5 1.40 2.38 4.07 3.90 8.00
Angle w.r.t. to z-axis [mrad] -25.0 0.0 -5.5 -10.0 -10.2 9.0 0.0
Inner radius [cm] 20.0 4.3 5.6 7.8 13.1 13.5 16.8
Peak field [T] -1.3 -3.3 0.0 0.0 0.0 -3.4 -2.7
Gradient [T/m] 0.0 0.0 -72.608 -66.180 40.737 0.0 0.0

Since for both beams the vertical IP B-function is much smaller than the horizontal one,
By < B, the innermost quadrupoles on both beam lines are vertically focusing. In the
hadron ring this limits the maximum vertical B-function in those magnets to about 1600 m
at a proton beam energy of 275GeV, resulting in moderate contributions to the overall
chromaticity of the machine. The horizontal p-function is intentionally increased to about
1300 m in the region of the crab cavities. This limits the required voltage of those devices,
which scales as 1/ /B% Berab,x, to about Uy = 12 MV. At lower energies the IP B-functions
are increased, resulting in lower B-functions in the low-B magnets as well as at the crab
cavities. However, due to the lower beam rigidity the required crab cavity voltage does
not exceed 14 MV at any energy.

The focusing scheme for the electrons is conceptually the same as for the hadrons. The
vertical B-function reaches a maximum of about 500 m in the low-f quadrupoles, while
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Figure 3.3: Schematic layout of the interaction region (top view, as simulated for high di-
vergence, no cooling). Beams cross with a crossing angle of 25 mrad. Note the length scales
for the horizontal and vertical axis are very different. The IR design integrates focusing
magnets for both beams, luminosity and neutron detectors, electron taggers, spectrometer
magnets, near-beam detectors (Roman pots for hadrons), crab cavities, and spin rotators
for both beams. The two beams are both focused by quadrupole doublets. On the hadron-
forward side, there are separate focusing magnets which are longitudinally interleaved. The
first quadrupole magnet for electrons is integrated into a hadron spectrometer dipole. On
the rear side, hadrons and electrons are focused by quadrupoles which are installed side-by-
side in the same cryostat. The maximum p-functions in the IR for hadrons of 2000 m remain
within the operating range of RHIC, while the maximum B-functions for electrons remain

below 500 m.
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the horizontal g is intentionally increased to about 200 m at the crab cavities to limit their

required voltage.

The forward hadron magnet apertures are completely dominated by experimental accep-
tance requirements, and the 10 ¢ outline shown for the circulating beam only uses the small
central regions of the magnet apertures. This allows particles scattered at small angles to
pass through the apertures of the innermost magnets so they can be detected by detectors
which are integrated into the hadron beam vacuum system (“Roman Pots”) further down

the beamline.

The B0 spectrometer magnet shown in Figure 3.4 is used to cover an intermediate exper-
imental acceptance region below what can be detected in the main solenoid detector and
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Table 3.9: Forward electron magnets, the settings are for 18 GeV electron beam energy.

FORWARD DIRECTION Electron Magnets

QO0eF Q2eF  Q3eF Q4eF  QbeF
Center position [m] 5.9 11.065 22470 30.60 39.50
Length [m] 1.2 1.61 1.2 1.2 1.2
Center position w.r.t. to x-axis [cm] | -14.75 -27.66 -56.17 -76.5  -98.75
Angle w.r.t. to z-axis [mrad] 25.0 25.0 25.0 25.0 25.0
Inner radius [cm] 2.50 6.3 3.0 3.0 3.0
Peak field [T] 0.0 0.0 0.0 0.0 0.0
Gradient [T/m)] -13.54 8.008 -11.627 -15.400 4.023

Table 3.10: Rear hadron and electron quadrupoles with their apertures tapered in proportion
to their distance to the IP for 275 GeV and 18 GeV, respectively.

REARWARD DIRECTION Hadron Magnets Electron Magnets
QIAPR QI1BPR Q2PR | QleR Q2eR B2ER
Center position [m] -6.2 -8.30 -12.75 -6.2 -8.30 -12.25
Length [m] 1.80 1.40 4.50 1.80 1.4 5.50
Center position w.r.t. to x-axis [cm] 0.0 0.0 0.0 15.5 20.75  30.63
Angle w.r.t. to z-axis [mrad] 0.0 0.0 0.0 25.0 25.0 25.0
Entrance radius [cm] 2.00 2.80 5.40 6.60 8.30 9.70
Peak field [T] 0.0 0.0 0.0 0.0 0.0 -0.198
Gradient [T/m)] -78.375 -78.375 33.843 | -13.980 14.100 0.0

above particle angles that will exit through the IR magnets. Inside its aperture the electron
beam is shielded by a 2 m long superconducting bucking coil (dipole active shield magnet)
with an outside diameter of 10 cm and a field of 1.3 T. This bucking coil houses the verti-
cally focusing superconducting electron low- quadrupole Q1EF, as shown on Figure 3.5.

The B1PF and B1APF dipoles separate the hadron beam from the outgoing 4 mrad neu-
tron cone, and create dispersion at the Roman Pots to allow determination of the forward
momentum of the scattered particles.

The electron beamline on the forward side does not contain any bending magnets within
80 m upstream of the IP. Within this region the only source of synchrotron radiation is fo-
cusing in quadrupole magnets. The synchrotron radiation fan generated in the far away
arc dipoles can be easily collimated such that it is completely contained within the radia-
tion fan produced by the quadrupoles in the straight. This fan has finite maximum diver-
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Figure 3.4: Schematic drawing of the warm iron B0 spectrometer dipole with the supercon-
ducting 1.3 T bucking coil shielding the electron beam, and the electron quadrupole Q1EF
inside that bucking coil
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Figure 3.5: Design of the electron quadrupole Q1EF with its 1.3 T bucking coil to shield the
electron beam from the B0 spectrometer magnet.

gences, collimated to 13 ¢ bounds, that are allowed to pass without interference through
the beam pipe and following magnets, thus allowing for installation of detector compo-
nents close to the beam. This is discussed in detail in Section 3.2.7.

On the rearward side, no dipoles are introduced into the proton beam line, which allows
placement of the low-f quadrupoles even closer to the IP than on the forward side. The
electron beamline contains a bending magnet that bends the electrons away from the -
beam generated by scattering of electrons at the hadrons (Bethe-Heitler process) which
is used to measure luminosity in the luminosity monitor placed in this area. The bend-
ing magnet also serves as a spectrometer to tag scattered electrons that lost energy in
the Bethe-Heitler process, but most importantly for the scattered electrons with low Q2.
However, since this magnet is introduced downstream of the main detector the associated
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synchrotron radiation fan does not pass through the experiment.

The vertically focusing low-p quadrupoles Q1ER and Q1APR as well as Q2ER and Q1BPR
are realized as superconducting dual-aperture magnets sharing the same iron yoke, as
shown in Figure 3.6 (left). The apertures for both beams are tapered and angled with
respect to each other, following the divergent proton beam and synchrotron radiation fan
as they emerge from the central detector, as depicted in Figure 3.6 (right). The tapering
is needed to minimize the initial magnet apertures and to allow enough iron between the
beams in order to limit the magnetic fields for each of them effecting the other section.

-0.6 1 -
Electrons Synchrotron radiation fan
QleR
—0.7 A
. —0.8 A
£
X
Q1ApR
—0.9 A
~1.0- Hadrons
-7.0 -6.5 -6.0 -5.5 -5.0
z (m)

Figure 3.6: Cross section and top view of the first rear quadrupoles Q1ER and Q1PR, sharing
the same iron yoke. The apertures are tapered around the synchrotron radiation fan and the
proton beam envelope, respectively.

The required horizontal aperture radius Xsynch to accommodate the synchrotron radiation
fan from the 150 electron beam at distance s from the IP is parametrized as

Xeynch($) = 6.75 x 107°(s + 3.5) (3.16)

The vertical size of the synchrotron radiation fan ysync is significantly smaller than the
horizontal one. The horizontally focusing quadrupoles Q2ER (tapered) and Q2PR (not
tapered) are conceptually similar to Q1ER and Q1APR. With these apertures, the entire
synchrotron radiation fan is transported safely through the interaction region until it hits
a dedicated absorber 23 m from the IP.
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3.2.2 IR Vacuum Design

The interface requirements within the IR present several complex challenges, which re-
quire close attention to detail. The vacuum chamber in this region will become the primary
interface between the particle beams and the different detector components.

One of the first challenges is to meet all of the geometrical requirements of the region.
First and foremost the vacuum chamber must be designed to allow clear passage of the
two high energy particle beams. Space constrains for the synchrotron radiation (SR) fan
resulting from the strong focusing electron quadrupoles also need to be taken into account.
Designing the central vacuum pipe with a large diameter would easily meet these require-
ments and it would provide a large conductance to the vacuum pumps that are required
to achieve the lowest possible pressure in the detector region. However, to ensure large
acceptance for all the collisions products, detectors must be placed as close as possible to
the interaction point. Since these particles must pass through the walls of the beam pipe,
every effort must be made to minimize their thickness.

The design is further complicated by the fact that the charged particle beams induce elec-
tromagnetic fields in the walls of the vacuum chambers. These induced fields create an
image current inside the vacuum chamber walls, which travels with the particle bunches
as they move through the accelerator. Changes in the material resistivity or abrupt steps
result in wake fields, which can retard the image current and lead to energy loss and heat-
ing of the vacuum system.

Every effort must be made to reduce the dynamic pressure inside the IR vacuum chamber
in order to minimize beam-gas interactions. The particles in the circulating beams can
scatter on the residual gas molecules, which can results in high detector backgrounds.
Any synchrotron radiation (direct or scattered) impinging on surfaces will result in a high
dynamic pressure, because of photon induced desorption and surface heating. This further
increases the beam-gas interaction problem and the backgrounds in the detector.

Geometry

In order to define an initial acceptable envelope for the IR vacuum chamber, a full scale
layout of the central detector region was developed (see Figure 3.7). It soon became clear
that as a result of the shallow crossing angle between the beams, there was no adequate
space for two independent beam pipes leading up to the inner detector region. In order
to proceed the decision was made to combine the two pipes into one common vacuum
flange in order to save space. It also became clear that insufficient space was reserved
between the start of the detector region and the focusing quads in the forward hadron
beam direction. The superconducting bucking coil for the electrons only leaves 10 cm of
longitudinal space for a cold to warm transition, bellows to accommodate misalignment
and thermal expansion and beam position monitors, this issue will be addressed in future
iterations.

In addition to the crossing angle, one of the main parameters driving the size of the central
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Q1PF

© QIPR

Figure 3.7: Interaction region layout with magnets. The incorporation of gate valves is still
under consideration

beam pipe is synchrotron radiation. This radiation is produced when relativistic electrons
are accelerated radially, or perpendicular to their velocity. To minimize this problem the
electron dipole magnets have been located as far as possible (> 50m) from the IR leav-
ing adequate space to collimate the radiation produced. While the dipole magnets are
responsible for the majority of the synchrotron radiation, the final strong focusing elec-
tron quadrupoles located just upstream of the detector need to be taken into account. In
order to study the resulting radiation (see Figure 3.8) a simulation study was performed
using the SynRad software package developed at CERN [79]. A stay-clear envelope was
established based on the final magnet and beam parameters.

Considering the central portion of the beam pipe will be made from beryllium and taking
into account its limited fabrication possibilities, a diameter of 62 mm was defined. This
value provides additional clearances for mechanical and positioning tolerances. In the
outgoing electron beam direction, the beam pipe will continue to increase in size to ensure
the synchrotron radiation can travel through the IR without impinging on the chamber
walls. In the forward hadron beam direction the beam pipe has a conical cross section
in order to provide an unobstructed path to the forward spectrometer located in the BO
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Figure 3.8: SynRad code simulation showing the resulting synchrotron radiation from the
electron focusing quadrupoles Q1EF and Q2EF

magnet bore. To minimize the beam impedance for the electrons, a conducting screen will
be installed providing a controlled path for the induced image currents. Once outside
the central detector region the forward traveling particles will pass through a vacuum-air
interface made of thin aluminum or stainless steel before entering the B0 spectrometer. The
design and position of the required chamber supports will need additional care. These
supports must ensure that the chamber does not encroach into the stay clear area and
must also guarantee the mechanical stability of the chamber during operations and bake
out. Careful consideration of the mechanical eigenfrequencies must be taken to avoid large
amplitude vibrations, which can lead to stress and fatigue of the chamber. Where possible,
natural vibration frequencies will be kept above 100 Hz.

Material Considerations

To minimize the interaction of the collision products in the vacuum chamber walls, their
thickness has to be kept at a minimum. The "transparency’ of a material is usually quan-
tified through the radiation length (o) for elastic collisions and the interaction length (/1)
for inelastic hadron collisions.

The radiation length is defined as the mean distance over which a high-energy electron
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loses all but 1/e of its energy by bremsstrahlung radiation. This property is inversely
proportional to the density and atomic number of the material. The interaction length is
the mean distance traveled before experiencing an inelastic nuclear interaction.

In order to reduce the background produced by these material properties, the walls of
the vacuum chamber should be made as thin as possible. A limit is clearly defined by
the mechanical integrity of the vacuum chamber. If the chamber is too thin, the vessel
will collapse under the outside atmospheric pressure or fail to meet the tight mechani-
cal tolerances required to stay clear of sensitive instrumentation. To compare the nuclear
and mechanical performances of various materials, xoE —1/3 has been used to define the
tigure-of-merit, with E being the Young’s modulus. The required chamber wall thickness
is directly proportional to E~1/3, the properties of several materials are listed in Table 3.11.

Table 3.11: Table of material properties considered for the IR vacuum pipe.

Material xolem] It [em] E[GPa] xoE /3
Beryllium 35.3 41.8 290 2.34
Carbon fiber 27.0 40.0 200 1.58
Aluminum 8.9 28.7 70 0.37
Titanium 3.6 21.4 110 0.17

While beryllium would seem to be the best choice it has several drawbacks including fab-
rication difficulties and safety concerns as well as having very high cost. For these reasons,
only the central portion of the IR chamber will be made from beryllium. Additional alu-
minum sections made from AA2219 will be electron beam welded to the center section to
complete the approximately 9 m long vacuum section. This particular aluminum alloy can
be used at operating temperatures up to 250° C and is weldable using conventional tech-
niques. Three separate vacuum pipes are envisioned with flange joints located at positions
compatible with the central detector. The shorter pipe sections will not only simplify the
fabrication, transportation and handling of the fragile chambers and also facilitate NEG
coating on the interior vacuum surfaces.

The magnetic properties of materials used in the interaction region must be carefully con-
sidered. Most of the vacuum chamber components will be made of beryllium, aluminum
and copper which are non-magnetic. Any stainless steel used in this region will be 316LN.
This austenitic stainless steel maintains its very low magnetic permeability after welding
or cold working. In general the use of stainless steel in the IR will be avoided due to the
presence of cobalt in the material and the possible formation of ®*Co due to neutron acti-
vation. Once formed, this radioactive isotope has a half-life of 5.3 years, severely limiting
the serviceability of the area.

Impedance and Instabilities

From an electromagnetic standpoint, the ultimate beam pipe would be a perfectly smooth
flawless conductor. This would allow the induced image currents to travel along the cham-
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ber walls without losses or forces acting back on the particle beam. In reality this is not
possible and one has resulting electromagnetic interactions, called wake fields. Longitudi-
nal and transverse fields are generated when a bunch passes a sudden change in geometry
or wall resistivity. These transverse fields can deflect the beam and lead to instabilities
while the longitudinal wake fields lead to energy loss of the particles and localized heat-
ing of vacuum components.

In order to reduce effects related to resistivity changes, materials such as stainless steel
pipes with small diameters need to be copper plated. The required copper thickness de-
pends on the shape of the beam pipe and simulation results. To minimize detrimental
effects from sudden geometry changes a radial tapering of 10:1 will be followed, unless
absolutely not possible. This means a 1 mm change in the radial distance between the
particle beam and the chamber wall will occur over at least 10 mm of longitudinal space.
RF shielding will be used to bridge all vacuum flange joints to prevent trapped modes
and to help maintain uniform wall geometry. Even a few watts of deposited power on
an uncooled vacuum surface can result in an extremely high temperature rise. Bellows,
which need to be installed to compensate for mechanical misalignment and provide room
for thermal expansion during bake outs, will also be internally shielded to avoid trapped
modes. Steps inside the bellows RF shielding will be kept to a minimum. Figure 3.9 shows
and example of a dual aperture RF shielded bellow.

Figure 3.9: Dual aperture RF shielded bellows
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Vacuum Requirements

Every effort must be made to reduce the residual gas pressure in the interaction region
to minimize beam-gas interactions. The first concern is related to scattering, both elastic
(Coulomb) and inelastic (Bremsstrahlung). Particles in the beam which are scattered off of
the remaining gas molecules can further interact with vacuum chamber walls. This in turn
leads to a “positive feedback’” loop which can quickly turn catastrophic. The second con-
cern is related to phenomena such as ion induced desorption and electron multipacting. In
both of these cases charged particles, freed electrons or ionized residual gas molecules are
accelerated by the electric fields resulting from the charged particle beams. These acceler-
ated particles can bombard the vacuum chamber walls and lead to large localized pressure
rises and additional scattering. This is another self-feeding process. All of these aspects
decrease the beam lifetime and intensity and have direct impact on the luminosity.

In order to eliminate the potential of unwanted contamination and ensure the lowest pos-
sible base pressure, best UHV practices will be followed from start to finish. This entails
special processing of fabricated parts, careful surface treatment and minimizing the sur-
face area exposed to vacuum. All parts will be chemically cleaned and/or vacuum baked
prior to welding or assembly. After cleaning, no vacuum surfaces will be touched with
bare hands and all openings to vacuum surfaces will be wrapped in clean vacuum grade
aluminum foil.

Given the limited space for lumped pumping as well as the need for ultra-high vacuum
throughout the entire interaction region, the vacuum chamber will be coated with a non-
evaporative getter (NEG) layer. This coating will be magnetron sputtered directly onto
the interior surfaces of the IR vacuum chambers. NEG layers are a composition of active
metals (Ti, Zr and V) which chemically pump most of the gases found in a UHV system
(N2, CO and COy). It also has a high diffusivity for H, which is the predominant gas in a
baked leak tight vacuum section. The film also creates a hydrogen barrier on the interior
surfaces which limits the permeation of Hy into the system. In addition to all of these
benefits the film has a low secondary electron yield, which reduces the risk of electron
cloud formation, and being in the order of microns, adds negligible mass between the
experiment and the detectors.

Incorporating NEG coating into the design has two implications. First is the degradation
of the pumping performance after successive regenerations. Anytime the vacuum section
is vented for maintenance, the NEG layer becomes completely saturated and needs to be
regenerated to regain its pumping characteristics. Regenerating the layer requires dissolv-
ing the surface oxides and nitrides into the bulk material which creates a new metallic
surface facing the vacuum system. Since the film is thin, it has a limited storage capacity.
Some of the pumping capacity can be regained by activating at higher temperatures but
the upper bound is limited by the material choices for the vacuum chambers. To increase
the potential number of activations, the vacuum section will be vented with an extremely
pure noble gas which is not pumped by NEGs.

Given the limited access inside the central detector region, permanently mounted heaters
are envisioned to facilitate baking. Thin polyamide heaters which are made from thin
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metal foils sandwiched between Kapton films will be used. These heaters can be made
in almost any size or shape with varying watt densities to ensure adequate heating and
activation of the NEG coatings. While adding some radiation length, these are a good
compromise considering the alternatives. Depending on the final design of the detector,
additional insulation may be required to protect sensitive components located close to the
beam pipe.

Since NEG coatings only pump active gases, ion pumps will be installed at either side of
the interaction region for residual noble gases. Ion pumps are Penning traps with crossed
electrical and magnetic fields. The magnetic field increases the flight time of free electrons
which ionize incoming gas molecules. These ions are then accelerated in the presence of
the electric field and impact on a metallic cathode typically made of titanium or tantalum.
This freshly sputtered material can physically or chemically react with gas present in the
system.

3.2.3 Interaction Region Performance for Scientific Requirements

The physics program of an EIC and the resulting requirements for the detector and the IR
have been discussed in sections 2.1 and 3.2. In order to verify that the IR design fulfills
all the requirements as summarized in Table 2.2, an eRHIC general purpose detector, the
auxiliary detectors, the vacuum chamber, and the machine components up to the crab
cavities, have been implemented in the EicRoot GEANT simulation framework [62]. To
make the simulations as realistic as possible the beam line element 3-dimensional locations
and magnetic fields are directly taken from the MADX files used for optics calculations.
Their apertures precisely reflect our present understanding of how these magnets can be
built in reality. The vacuum system is modeled by importing the essential part of the
engineering design into GEANT.

In the following, results from these simulations will be presented. The IR setup, which
has been used in the simulations is one version earlier than what is described in section
3.2.1. The main differences are the increased crossing angle (22 mrad used in the simula-
tions, since increased to 25 mrad) and optimized bore sizes of the magnets in the outgoing
hadron and electron beam directions to increase the acceptance for small angle scattered
particles. So the results presented here can be seen as the "worst case” scenario for the
results one would get with the current IR.

Realization of the Scientific Requirements for the Central Detector

A shown in figure 3.2, the beam element free region L* along the beam lines is £4.5m
from the IP. In order to have the acceptance required for inclusive and semi-inclusive DIS
as well as exclusive reactions it is critical to reconstruct events over a wide span in pseudo-
rapidity (—4 < < 4), as discussed in section 2.1. Therefore the design of the vacuum
system in the detector volume (see Figure 3.7) needs to fulfill these specifications:
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e Provide enough space to pass the synchrotron radiation fan through the detector.

e Do not extend beyond a 2° opening angle from the interaction point.

Figure 3.10 shows the integration of the various detector components around the beam
pipe elements in the outgoing hadron beam direction, overlaid by a deep inelastic electron-
deuteron scattering event with the secondary particle tracks and hits in the TPC and the
silicon trackers.

Calorimeters

Figure 3.10: The integration of the beam pipe and various detector components in the out-
going hadron beam direction.

To illustrate that the tracker acceptance at large rapidities as shown in Fig. 3.10 provides
enough points along the particle trajectory to obtain excellent momentum resolutions up to
the highest rapidities, Fig. 3.11 shows the expected momentum resolution 0}, / p as function
of particle rapidity for four different particle momenta.

Realization of the Scientific Requirements for the Interaction Region

Exclusive Processes

As emphasized below the detection of forward-going scattered protons from exclusive
reactions as well as of neutrons from the breakup of heavy ions in incoherent and non-
diffractive reactions is particularly challenging.

Electron-Proton Scattering: Extreme care has been taken to transport protons with

0.2GeV/c < pr < 1.3GeV/c through the IR such that they can be detected as soon as they
can be separated from the core of the beam. To achieve this pr coverage over a wide range
of center-of-mass energies a multi-prong approach is required. Protons with scattering
angles up to 5mrad are detected in the Roman Pots, while the range from 7 to 20 mrad
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Figure 3.11: Momentum resolution ¢}, /p as function of 7 for a wide range of particle mo-
menta

is covered by the B0 large-acceptance spectrometer (see Figure 3.12). In general the main
detector starts seeing secondary particles above ~ 30mrad (7 ~ 4), and bending power
of the 3T solenoid is sufficient for momentum measurement above ~ 50mrad (y ~ 3.5 or
S0).

Main tracker

BO Si tracker
ROQT event display

Figure 3.12: An EicRoot view of the B0 large-acceptance spectrometer and other equipment
around it, as implemented in GEANT.

The current Roman Pot configuration has a single station with two silicon planes at ~ 28 m
downstream of the IP, with a relatively modest single point XY-resolution. As shown
later, even this very basic setup provides sufficient acceptance and a good momentum and
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scattering angle measurement.

There are several effects influencing the low pr acceptance. We have been following the
general rule of thumb that the distance between the edge of the Roman Pot silicon sensors
and the beam orbit should be 100 in X and Y. The physical size of the separation 0y, =

\/ (Bx,y€n)/ 7 is driven by the normalized beam emittance €, and the p-functions B, at

the location of the Roman Pots. The acceptance at large pr is mainly constrained by the
magnet apertures.

Figure 3.13 summarizes the pr acceptance for three different proton beam energies, E, =
41GeV, 100GeV, and 275GeV for the “high beam divergence optics” (see Table ??) for
eRHIC. The figures illustrate the need for a multi-prong detector approach to provide the
full pr acceptance over a wide range of hadron beam energies. For E, = 41GeV the
limiting factor in acceptance at high pr is the inner dimension of the vacuum chamber and
the magnet apertures. At E, = 100 GeV one in general has full acceptance in pr but there
exists some “grey” (transition) area separating the forward scattered proton acceptances
in the BO spectrometer and the Roman Pots. We are currently investigating how much of
this “grey” area can be filled by optimizing the layout of the outgoing vacuum beam pipe
and/or by installation of additional Roman Pots closer to the IP. For E, = 275GeV the
acceptance is mainly limited at low pr, however this region can be partly filled by taking
data with the “high acceptance beam optics” (see Table ??) for eRHIC, which is supposed
to reduce the beam envelope size at the Roman Pot location and consequently relieve the
100 separation cut.

The pr resolution of these forward scattered particles is of equal importance as their ac-
ceptance. There are several effects that can influence the momentum resolution and need
to be mitigated:

e The finite width of the vertex distribution at the IP adds uncertainty in the angle
determination. This uncertainty can be eliminated by determining the vertex of the
event through other tracks in the event being registered in the main detector and
benefit from the excellent vertex definition from the y-vertex detector.

e The angular divergence 0y = /€,/(B*7y) of the beam, which directly leads to a
smearing of the scattering angle.

e The hadron bunch “rotation” at the IP due to the crab cavities. Crabbing implies
a transverse momentum kick py(z) to the particle bunch, with the kicking strength
proportional to the longitudinal position z of particles in the bunch. Therefore at
the IP particles at the “head” of the bunch will have a slightly different orientation
and/or transverse offset compared to the ones in the “tail” of the bunch, which leads
to additional smearing of the apparent scattering angle. The z-vertex determination
of the event provided by the main tracker as well as high-resolution timing of the
Roman Pot silicon sensors (of an order of ~ 10 psec or so) is able to mitigate this
effect to a large extent, but more studies are needed.

e The spread in the beam energy, which normally has a width (RMS) of ~ 1074,
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Figure 3.13: The pr acceptance of forward scattered protons from the DVCS (Deep-Virtual
Compton Scattering) process at different combinations of beam energies. The blue curves
represent the acceptance of the RPs and the red ones of the BO spectrometer. A view in the
outgoing proton beam direction z of the BO-spectrometer.

Currently the setup to detect the forward scattered protons is four silicon planes placed
inside the bore of the 1.2m long BO magnet with a ~ 1.3 Tesla field and a single Roman
Pot station with two silicon detector planes with a relative separation of 20 cm, at ~ 28 m
from the IP. The silicon detectors are supposed to have 20 ym hit resolution in both X and
Y. The track reconstruction is based on a Kalman filter (either with or without the vertex
constraint) for the protons registered in the BO spectrometer and a matrix transport method
(with the realistic beam envelope size at the IP) for the protons registered in the Roman
Pots. Under relatively conservative assumptions one obtains a pr resolution ~ 15MeV/c
for the protons measured in the B0 spectrometer and ~ 20 MeV /c (10MeV /c) for protons
measured in the Roman Pots in the horizontal (vertical) plane. The effect of the beam
angular divergence still needs to be fully investigated.

Electron-Nuclei Scattering: The only possible way to tag exclusive electron-nucleus
events for heavy nuclei is to veto the nuclear break-up. Figure 2.17 shows the break-up
neutron momentum vs. scattering angle in the laboratory frame for different beam ener-
gies. One needs to transport neutrons within a cone of 4 mrad to 6 mrad, depending on the
beam energy, through the IR to a Zero-Degree Calorimeter (ZDC). The ZDC is placed right
in front of the B2APF magnet at ~ 30 m from the IP. Figure 3.14 (left) shows the layout of
the beam elements towards the ZDC. The picture illustrates that currently neutrons are not
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really well centered at the 60 x 60 cm? ZDC front surface. This is improved by the new IR
design. Preliminary estimates show that the new option provides sufficient containment
of the hadronic shower for the whole ZDC angular acceptance from of 0 to 4 mrad.

Figure 3.14 (right) shows the resulting acceptance for neutrons from nuclear break-up. The
required angular acceptance of +4 mrad has been achieved and even extended beyond that
(blue line) by careful consideration of machine beam line element apertures.
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Figure 3.14: A view along the beam elements towards the Zero Degree Calorimeter (left).
The acceptance for neutrons from nuclear break-up (right). For simplicity the neutrons have
been simulated with a flat distribution in polar scattering angle.

Electron-Nucleus Scattering;:

The physics program of an EIC requires proton and neutron collisions to allow for a
full flavor separation of parton distribution functions. As neutron beams are not feasi-
ble, (un)polarized *He and deuteron beams are used for these purposes. To ensure the
scattering really occurred off the neutron the spectator proton(s) need to be detected. Fig-
ure 2.21 shows the correlation of momentum and scattering angle for the spectator protons
from electron-deuteron and electron->He scattering for two different values of /s. Figure
3.15 shows the angular and momentum acceptance for spectator protons from inelastic
electron-deuteron collisions as simulated with the Monte Carlo generator DPMJET [64]
and passed through the complete simulation of the interaction region. For both beam en-
ergies E, of 41 GeV and 100 GeV full acceptance is achieved. The response for spectator
protons from *He will be identical as the angular momentum distribution for spectator
protons is practically the same and their rigidity is closer to the beam rigidity.
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Figure 3.15: The momentum and angular acceptance for spectator protons from inelastic
electron-deuteron collisions for beam energies Ep of 41 GeV (top) and 100 GeV (bottom) per
nucleon, respectively.

Inclusive Processes:

Many physics topics beyond the ones discussed in the EIC White Paper [1] benefit from
tagging the scattered electrons at Q? values significantly below 1 GeV?. Scattered electrons
with Q% < 0.5GeV? cannot be detected in the main detector. Therefore, similar to the
HERA collider detectors, a special low-Q? tagger is needed. An electromagnetic calorime-
ter with a number of silicon tracking planes in front of it needs to be integrated into the IR
design to detect the scattered electrons with low Q2.

Figure 3.16 shows a view along the outgoing electron beam from the main detector towards
the low Q?-tagger. As shown in Figure 3.2 (left) the magnet apertures need to be large
enough to pass the synchrotron radiation fan as well as scattered electrons with low Q2.

Figure 3.17 shows the Q? acceptance of the low Q>-tagger for the highest eRHIC electron-
proton energies of 18 GeV x 275GeV. The black histograms are events generated us-
ing PYTHIA. The green curve shows the same events after taking the apertures of the
quadrupoles and dipoles into account. If one also considers that (similar to the Roman
Pots) one needs to keep a 100 clearance between the beam central trajectory and the detec-
tor one obtains the Q% acceptance as shown in the blue histogram. Currently the magnet
apertures limit the acceptance at high Q? to ~ 0.001 (GeV /c)? and at low Q? the acceptance
is constrained by the 100 clearance requirement.

The preliminary conclusion of these physics simulation studies is that the current IR design
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Figure 3.16: A view along the outgoing electron beam from the main detector towards the
low-Q? tagger.
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Figure 3.17: The Q? acceptance of the low Q?-tagger after accounting for the apertures of
the quadrupoles and dipoles (green histogram) as well as that of a 100 distance separation,
which needs to be kept between the low Q?-tagger tracker and the core of the electron beam
(blue histogram). The spectra are for ¢ 4 p collisions at 18 GeV x 275GeV.

tulfills most of the requirements summarized in Table 2.2. Several potential improvements
to the design are identified already, which will extend the eRHIC physics reach even fur-
ther.
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3.2.4 Crab Cavity Requirement and Specifications
eRHIC Crab Cavity Introduction

The concept of crab cavities as a countermeasure to the geometric reduction in luminosity
caused by the crossing angle in colliders was introduced in 1988 [17]. A crab cavity im-
parts a transverse momentum kick p, (z) to the particle bunch, with the kicking strength
proportional to the longitudinal position z of the particle. At the right phase, the bunch ar-
rives at the cavity with its particles at the center receiving an accumulative zero deflection.
The transverse momentum kick can be expressed as

_@ 1 1 k7L ~eEOZ 1 ka
px (z) = sm(kz)sm(z)~ - sm<2>

w

where E is the amplitude of the electric field acting on the bunch, w and k are the angular
frequency and the wave number of the crab cavity respectively, and L is the bunch length.
The longitudinal coordinate z is referencing to the center of the bunch, where z = 0.

Transverse oscillation translates the longitudinally dependent kick p, to a transverse offset
x1p at the interaction point (IP), which gives
eEyz sin ( )

c
Xip = Rlz% = ,Bcrab,B*E—
b b

iz

where Rj; is the element of transverse transfer matrix from the crab cavity to the IP, Bc;ap
and p* are the beta functions at the crab cavity and IP.

At the desired cavity voltage, the transverse offset will cancel the crossing angle in the
optics and restore the head-on collision. The requirement to the transverse offset can be
exchanged with the crossing angle as

2¢Ey sin (%)

90 = M Y/ ,Bcrab,B*E—b

z

For the beam energy E;, the desired voltage should be

CEbQC

V=e—uwu—— .
2ew \V ,Bcrabﬁ*

Here we assume that the phase advance between the crab cavity location and IP is exactly
T

5.
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eRHIC Crab Cavity Requirement and Specifications

The eRHIC crossing angle is 25 mrad horizontally. Based on the bunch length and fea-
sibility of fabrication, the crab cavity frequency of the eRHIC ion beam is chosen to be
394.118 MHz, which is the 16th harmonic of the bunch frequency. To minimize the design
risk and single cavity fabrication cost, the electron beam will use the same design of crab
cavity as the ions. With shorter bunch length and lower energy, the requirements to the
crab cavity system from the electron beam are below 80% of the requirements from the ion
beam. Thus, the crab cavity system development focused on the ion beam requirement,
which would fulfill both beams. Table 3.12 shows the crab cavity related lattice parame-
ters and the calculated voltage requirement for each scenario. The table also compares the
eRHIC crab cavity with the existing crab cavities from KEKB and Hi-Lumi LHC [80-82].
The frequency difference between the Hi-Lumi LHC and eRHIC crab cavities is 1.5%, with
the operational deflecting voltage difference less than 1%. Therefore, eRHIC can directly
benefit from the experience from the LHC crab cavity program in most of aspects.

Table 3.12: Comparison of crab cavity parameters.

KEKB LHC eRHIC eRHIC

Hi-Lumi | no cooling | with cooling
Parameter LER HER both ion e ion e
Full crossing angle 22 22 0.59 25 25 | 25 25
[mrad]
Energy [GeV] 35 8 7000 250 18 250 18
RMS Liunch [cm] 0.7 0.6 7 7 0.9 6 0.9
Frequency [MHz] 509 509 400 394 394 | 394 394
Wave number 10.6679 10.6679 | 8.3834 826 826 | 826 8.26
Wave length [m] 0.5890  0.5890 0.7495 076 076 | 0.76 0.76
Scheme global local local local | local local
60 of wavelength 0.07 0.06 0.56 055 0.07 | 047 0.07
B atIP [m] 1.2 1.2 0.15 092 076 | 092 0.59
B at crab cavity [m] 51 122 2616 1300 200 | 1300 200
Hor. beam size [pum] 110 110 7 135 135 | 119 119
Piwinski angle [rad] 0.70 0.60 2.95 9.17 0.79 | 1040 0.89
Voltage [MV] 0.92 1.36 12.43 12.03 221 | 12.03 251

The location of the crab cavity is chosen with consideration of minimizing the voltage, i.e.
maximizing the B-function. However, the dispersion functions at the crab cavity locations
are non zero for both rings, which would generate linear and non-linear instabilities with
beam-beam interaction. Analysis of the detailed beam dynamics with crab crossing is
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discussed in Section ??.

The spacial allowance for crab cavity system installation is limited by the distance be-
tween the electron and the ion beam lines in horizontal direction, and the local structures
in the vertical plane, e.g. cable trays, cryogenic transfer lines, and the tunnel floor, but the
limitation is much more relaxed compared to the LHC requirement. The parallel beam
lines can accommodate the crab cavity cryomodules with 70 cm radius. In addition the IR
is populated with various species of magnets, instrumentation devices, along with their
auxiliaries. With the current matching lattice, the crab cavity systems are given 31 meters
longitudinally on both sides of the IP for the hadron beam to provide a deflecting voltage
of 12.03 MYV, and more than 7 m for electron beam. Figure 3.18 shows the crab cavity cry-
omodules installed in both rings on one side of the IP, and the RCS ring is also shown in
the picture. The red tunnel illustrates the injection line tunnel for the hadron beam. The
location of the crab cavity cryomodule starts from 50 m on both sides to the interaction
point (IP) for the hadron beam, and 40 m for the electron beam. These limits are carefully
considered at the beginning of the cavity, coupler, helium vessel, tuner and cryomodule
development to avoid any significant change in the future.
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Hadron crab cavity
cryomodules

Electron crab cavity
cryomodule

Figure 3.18: Schematic drawing of the local configuration of all beam lines near the crab
cavity installation region, vertical.

3.2.5 Impedance Modeling

The main parameters used to evaluate the collective effects of the electron beam are given
in Table 3.13. To estimate instability thresholds, the wake-potential for a 0.3 mm bunch
length was used for beam dynamics simulations in the SPACE particle tracking code [83].
This simulated length is much shorter than the expected nominal bunch length of 19 mm
for the unperturbed circulating beam.
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Table 3.13: Parameters used for threshold calculation.

Parameter Value
Energy E [GeV] 10
Revolution period Ty [us] 12.79
Momentum compaction & 1.45 x1073
Energy loss U [keV] 9100
RF voltage V [MV] 41
Synchrotron tune v; 0.0815
Damping time 7y, Ts [ms] 70, 35
Energy spread o; 55 x10~*
Bunch length o [mm] 19

IR Chamber

The vacuum chamber geometry for the interaction region (IR) is very complex with abrupt
changes in the cross section as the particle beams cross each other. A cross-sectional top
view of the preliminary IR chamber is shown in Figure 3.19 (upstream) and Figure 3.20
(downstream). Figure 3.21 shows a sectional view of the upstream section of the IR cham-
ber.

An impedance analysis of this geometry has been performed using the GdfidL code [84].
The results of the numerical simulations are shown in Figure 3.22 and Figure 3.23. Using
the machine parameters presented in Table 3.13 and the simulated results, the heat load
due to multiple passes of the bunch train through the structure can be estimated by

Ploss = KlosslgvTO/M/ (3.17)

where M is the number of bunches, Ty is the revolution period, and I,y is the average
current. Using the simulated geometric loss factor kj,ss = 0.2V/pC, the power loss is
Pioss = 22.6 kW for M = 660 bunches and I, = 2.48 A. Most of this heating is a result
of the large step transitions which needs to be optimized from the impedance point of
view. Reducing the abruptness of the transitions and providing better RF bridging will
significantly reduce the heat load on the chamber walls.
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Figure 3.19: Cross-sectional top view of the upstream IR chamber.
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Figure 3.20: Cross-sectional top view of the downstream IR chamber.
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Figure 3.21: Section view of the upstream IR chamber entrance. The electron beam chamber
with a 62 mm diameter.
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Figure 3.22: Numerically simulated data for the IR chamber. Top: Longitudinal wakepoten-

tial W|(s) simulated for a 0; = 12mm. Bottom: Loss factor as function of the bunch length
Os.

Figure 3.23: Top: Real part of the longitudinal impedance. Bottom: Imaginary part of the
longitudinal impedance divided by n = w/wy, where wy = 27 x 78.186 kHz.



134 CHAPTER 3. ERHIC DESIGN

Longitudinal Impedance Model

By passing through the vacuum chamber, the electron beam generates electromagnetic
fields, which can affect the beam stability. This makes it important to determine the
impedance/wakepotential for all of the vacuum components distributed around the ring.
A list of preliminary vacuum components is presented in Table 3.14. The exact geometric
dimensions and surface resistivity of many of the vacuum components have not been final-
ized yet. For a first pass analysis the wakepotential and impedances simulated for several
of the NSLS-II vacuum components have been scaled using the eRHIC lattice parameters
to study the instability thresholds. The geometric impedance due to the cross-sectional
changes of the vacuum components has been calculated by the GdfidL code. Table 3.14
indicates the origin of the data which is being used for the applied wakepotential. As
the storage ring geometry is finalized, updates to the simulations will be performed and
used to generate the total impedance budget for particle tracking simulations and analyt-
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Figure 3.24: Longitudinal short-range wakepotential calculated for a bunch length of o
0.3mm. The total longitudinal wakepotential of the eRHIC project (blue trace) is a sum of
the resistive wall contribution (green trace) calculated analytically (Equation 3.18) and the

geometric wakepotentials (orange trace).
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Table 3.14: List of the vacuum components contributing to the total impedance of the elec-
tron storage ring.

Object Abbreviation Qty Project
Bellows BLW 380 NSLS-II
LA BPM LABPM 494 NSLS-II
Stripline SL 18  NSLS-II
Gate Valve GV 45 NSLS-1I
Flange Absorber FABS 200 NSLS-II
RF Cavity CAV 23 NSLS-II
RF Tapered Transition TPRDRF NSLS-II
IR Chamber IRCHM 1 eRHIC

ical evaluation. The contribution of the resistive wall to the total impedance is calculated
separately by applying the analytical approach derived by Bane and Sands [85]:

TI3/2 240 72 72
— e x | T — | -1 —
0,‘ 1/4 402 3/4 402

2

—sgn (7)1 1,4 (4;2) +sgn(7)13/4 (;)]

where b is the vacuum chamber radius, Zy = 1207 is the impedance of free space, ¢ is
the electrical conductivity and y, is the relative permeability of the chamber surface. As a
preliminary estimate for the resistive wall surface, six 257 m long arc sections and twelve
123 m long copper straight sections with a radius of 20 mm are assumed.

remc*N, .

W, (1) = — e Ne
1(7) 26/21 ZoTeon.

(3.18)

The total longitudinal wakepotential, which is a sum of the short-range geometric and
resistive-wall longitudinal wakepotentials, is shown in Figure 3.24. The real part of the
frequency spectrum of the total longitudinal impedance is presented in Figure 3.25 up
to 350 GHz. The total longitudinal wakepotential W ;. was used as an input file for the
SPACE particle tracking code along with the parameters presented in Table 3.13. Numer-
ical simulations were done using 30 million macro-particles and 800 grid points in order
to accurately determine the first microwave instability threshold and to characterize the
microwave dynamics. The energy spread of the unperturbed Gaussian bunch at low cur-
rent is estimated at o5 = 5.5 x 10~%. From this the first microwave instability threshold
is observed at I, = 4.5mA (see Figure 3.26), which is above the single bunch current of
3.8mA. The bunch lengthening effect due to potential-well distortion (see Figure 3.26) is
small enough up to 4 mA for the applied total longitudinal wakepotential.
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Figure 3.25: Top: Real part of the longitudinal impedance. Bottom: Imaginary part of the
longitudinal impedance divided by n = w/wy, where wy = 27 x 78.186 kHz.
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Figure 3.26: Left: Energy spread as a function of single bunch current. Right: Bunch length-
ening dependence on the single-bunch current.
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3.2.6 Betatron Tune Dependence on Electron Beam Intensity

For the octagonal shape of the dipole vacuum chamber with a half-aperture b = 20mm
and dipole magnet half-gap d = 26 mm, the multi-bunch current dependent betatron tune
shift induced by the quadrupole impedance of the dipole magnets at frequency w — 0 is
given by

I,vL
Avyy = 74;E/eﬁx/yImZQx,y(O) (3.19)
where L = 192 x 6.064m is the total length of the dipole magnets, I,, = 2.48 A is the
average current, B, = 17m and B, = 18m are the local horizontal and vertical average
p-functions, E = 10GeV is the electron beam energy and ImZg, , is the imaginary part of
the quadrupole impedance. For the dipole magnets, the quadrupole impedance ImZg_ is
analytically approximated by a multi-parallel plates model [86]

& b2
3Zg,,(0) =+ 75 (1 +25f (17)) , (3.20)
where
6 .
f(n) = ?Uz(ﬂ) (3.21)
and
,—1
/i ﬁ 1 (3.22)

With relative permeability y, — 0 (perfect magnets) f(17) = 1. We notice that Equation 3.20
differs by a factor of 2 from the formula for the resistive wall impedance derived by Chao,
Heifets and Zotter in Ref. [87] using the well known Laslett coefficients [88]. The validity
of Equation 3.19, where the only contribution to the betatron tune shift is given by the
quadrupole impedance evaluated at zero frequency, is justified by the fact that the first
contribution from the dipole impedance, which is given by the impedance evaluated at
v, fo, where v, is the fractional betatron tune and 1= x or y, is negligible, as shown in
Figure 3.27 for the nominal fractional betatron tunes v, = 0.08 and v, = 0.06.

The calculated betatron tunes v, and v, as a function of average current I,, are presented
in Figure 3.28. At the nominal [,y = 2.48 A, the estimated tune shifts Avy = 0.05 and Av,, =
—.05 might affect the lattice optimization to mitigate the beam-beam effects. To eliminate
the effect of the quadrupole impedance on the multi-bunch tune shift dependence vs. the
average current, the dipole vacuum chamber should be considered with a circular profile.



138

CHAPTER 3. ERHIC DESIGN

Imz ——
1 RezZ E
\ vxfo
wio

0.1 |
S
5
[a]
N
[l
5
[a)
N

0.01 *

\
\
\
0.001 | \ —
Il Il Il Sl
0.0001 1.00 100.00 10000.00

Frequency (f), kHz

Figure 3.27: Absolute value of the ratio of the transverse dipole impedance to the
quadrupole impedance evaluated at zero frequency. Here L is either x or y. The dipole
and quadrupole impedances are related as follows: Zp (f) = —Zq, (f), Zp,(f) = Zg,(f)-
The dipole impedance is obtained numerically by the standard field matching technique as
applied in [86], with dipole chamber conductivity oc, = 54S/m and thickness = 4 mm.
The dipole impedance, evaluated at f = v, fo with parameters vy = 0.08, v, = 0.06 and
fo = 78196.5 kHz is negligible with respect to the quadrupole impedance evaluated at f = 0,
thus justifying the validity of Equation 3.19.
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estimated using Equation 3.19.
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3.2.7 Synchrotron Radiation Analysis

The IR crossing angle scheme avoids the necessity of separator dipoles in or near the de-
tector, which would generate a wide fan of hard synchrotron radiation photons. However,
the nearby low-p quadrupoles generate a synchrotron radiation cone that can be equally
harmful for different detector components, if not handled appropriately.

In contrast to the homogeneous fan produced by dipole magnets, the photon cone gen-
erated by quadrupoles consists of a huge number of weak photons in its center, and a
comparatively small number of very high energy photons with increasing distance from
the center. These high energy photons stem from electrons in the transverse tails of the
beam distribution that experience strong magnetic fields at large amplitudes in these low-
B quadrupoles. Additionally, since the beam-beam interaction tends to cause an over-
population of the transverse electron beam tails, especially in the vertical plane, the num-
ber of hard photons produced in the quadrupoles by large-amplitude electrons can be
significantly higher than expected for a pure Gaussian distribution. Therefore it is im-
portant to take all these factors into account when evaluating the synchrotron radiation
background in the detector, and designing a masking scheme.

Nonlinear effects in the beam-beam interaction lead to the formation of non-Gaussian tails
with an enhanced electron density. Figure 3.29 illustrates this. The colliding electron beam
requires about 50% larger aperture than without beam-beam interactions. The magnets
and synchrotron radiation masks have to provide sufficient aperture for these tails to pass
through in order to provide beam lifetimes of several hours.

14 T T T

T
no be:am—beam +
with beam-beam X

L % -

Ayloy]

Figure 3.29: Transverse electron density distribution with (red) and without (blue) beam-
beam interaction. The contour lines are spaced by a factor 10.
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The design of an eRHIC general purpose detector requires a machine element free region
of £4.5m around the IP. As a consequence, any synchrotron radiation mask that gets hit by
direct radiation can only be installed outside the detector volume in the incoming electron
beam direction. The aperture of those masks has to be sufficiently large to ensure beam
lifetimes on the order of several hours. As shown in Figure 3.29 the electron density at 13¢
is about the same as at 8¢ without beam-beam. Therefore, one expects a beam lifetime of
more than 20 hours [89] with a 130 aperture and beam-beam effects.

The first focusing element (quadrupole Q1EF) starts at a distance of 5.0 m from the IP. In
order to reduce the peak magnetic fields encountered by electrons in the transverse tails,
this magnet as well as the following quadrupole Q2EF are comparatively long; the length
is limited by the requirement to interleave focusing elements in the hadron beam line [90].
Table 3.15 lists the design parameters of the last two quadrupoles upstream of the IP.

A dual stage masking scheme is what is required to limit the synchrotron radiation fan
through the central detector. On the incoming side, its cross section will be identical to
that of the masks before the central detector. Their size is determined by the 130 beam size
requirement at their specific location. Assuming radii of the upstream ellipse of 11 mm in
the horizontal plane, and 10 mm vertically, at the downstream end of the central detector,
the cone radii will have substantially increased, to 71 mm horizontally, and 19 mm verti-
cally. This growth of the synchrotron radiation fan determines the minimum dimensions
of the detector beam pipe that ensure strongly reduced background from primary photons
generated by the electron beam.

In the next step, the impact of potentially backscattered photons on the detector is simu-
lated using the code DESYNC [91].

The focusing upstream of the detector is designed to minimize the magnetic fields of the
last two quadrupoles seen by electrons in the transverse tails of the beam. This is accom-
plished by designing quadrupoles Q1EF and Q2EF with a low gradient and an extended
length. Even at the highest electron beam energy of 18 GeV this results in peak fields of
only 0.3T at the 150 design aperture of these magnets. However, since the movable up-
stream mask at s = 4.5 m has an aperture radius of only 100, no electrons are present in the
beam beyond this limit. Therefore, the maximum magnetic field sampled is only 2/3 of the
peak field of those quadrupoles, namely Byax = 0.2 T. The corresponding critical energy
of the synchrotron radiation generated by the small number of electrons at the outer edges

Table 3.15: Electron IR magnet parameters on the upstream side of the detector, for the
highest design energy of 18 GeV.

Magnet s;[m] 1[m] IR[cm] BI[T] g[T/m]

QI1EF 5.00 1.2 22 0.309 -14.1
Q2EF 874 1.72 4.85 0.282 6.0
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Figure 3.30: Synchrotron radiation fans from the low-§ quadrupole doublet through the IR.
Top: top view; Bottom: side view.

of the beam is therefore reduced to

§ hic2eE2B
2 Eg

= 43.2keV,

E, = (3.23)

at 18 GeV, or E. = 13.3keV at E = 10GeV. Here Eg = m,c? is the electron energy at rest.

Photon scattering in the IR geometry described above has been simulated with the code
DESYNC [91]. Assuming a detector beam pipe that is tailored to accommodate the primary
synchrotron radiation fan according to Figure 3.30 the radiation load outside the 1mm
thick beryllium detector pipe reaches a maximum of 2.2rad/hour at 18 GeV in the 1m
long section right after the mask, and less than a prad/hour everywhere else throughout
the central detector. At a beam energy of 10 GeV the maximum rate reduces by 2-3 orders
of magnitude.

While these radiation levels are likely acceptable more detailed simulations including the
actual eRHIC detector are required. These simulations are beyond the capabilities of
DESYNC and will therefore be carried out using a simulation code such as GEANT4 [92].
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Glossary of Acronyms

Name Description

ACS Access Control Systems

ADC Analog to Digital Converter

ADO Accelerator Device Object, device software manager in C++ programming

AGS Alternating Gradient Synchrotron: an accelerator at BNL that serves as injector to
RHIC

ANL Argonne National Laboratory

API Application (Program) Interface

APS Argonne Photon Source: a light source facility at Argonne National Lab

ARR Accelerator Readiness Review

ATLAS A colliding beams detector at the CERN Large Hadron Collider

ATR or AtR  AGS to RHIC beam transfer line

AWG American Wire Gauge

B-factory A particle collider designed to produce large numbers of B mesons

B-field Magnetic field

BLA Beam Line Absorbers

BLM Beam Loss Monitor

BNL Brookhaven National Laboratory

BPM Beam Position Monitor

CAD Computer Aided Design

C-AD Collider-Accelerator Department, Brookhaven National Lab

CBI Coupled bunch instability

CBM Coupled bunch modes

CcC Crab Cavity

CCD Charged Coupled Device: a silicon chip for capturing and manipulating digital
data

CCG Cold cathode ion gauge

CDEV Common Device interface

CDR Conceptual Design Report

CDS Computers, Devices, and Software

CEBAF Continuous Electron Beam Accelerator Facility at Jefferson Laboratory, Virginia

CeC or CEC  Coherent Electron Cooling



G-2

CEM
CERN

CESR

CM or c.m.
CME
CMOS

CNS
COMPASS
COTS
CSR

CVD

DAC
DAFNE
DCCT
DESY

DOE
DoS
DQW
DQWCC
DVCS
DVVM
EBIS
EBW
EH&S
EHS&Q
EIC
EIS
EMC
EOM
EPS
eRHIC
ERL
eSR
eSTAR
FCT
FEC
FEL
FHA
FODO

GLOSSARY OF ACRONYMS

Channeled Electron Multiplier

European Organization for Nuclear Research: accelerator laboratory in Switzer-
land

Cornell Electron Storage Ring facility
Center of mass
Center of mass energy

Complementary Metal-Oxide-Semiconductor: a silicon chip for manipulating
digital data

Controls Name Server

An experiment at CERN utilizing muon and proton beams
Commercial off-the-shelf

Coherent synchrotron radiation

Chemical Vapor Deposition

Digital to Analog Converter

An accelerator facility in Frascati, Italy

Direct Current Current Transformer, a precision DC current transducer

Deutsche Electronen Synchrotron Laboratory: an accelerator facility in Hamburg,
Germany

U.S. Department of Energy

Density of State

Double quarter wave

Double quarter wave crab cavity

Deeply Virtual Compton Scattering

Deeply Virtual Vector Meson

Electron Beam Ion Source

Electron Beam Welding

Environment Health and Safety

Environment Health Safety and Quality

Electron Ion Collider

Environmental Impact Statement

European Muon Collaboration experiment at CERN
Electro-Optic Modulator

Equipment control and Protection System at RHIC
Electron Ion Collider at BNL utilizing RHIC
Energy Recovery LINAC

Electron Storage Ring

A proposed eRHIC detector based on the existing STAR detector at RHIC
Fast Current Transformer

Front End Controller/Computer

Free Electron Laser

Fire Hazard Analysis

A particular grouping of focusing and defocusing magnets used in accelerator
beams



GLOSSARY OF ACRONYMS

FONSI
FPC
FPGA
FRIB
FSAD
FY
GEMA

GPIB
GPM
HEBT
HERA
HERMES
HOM
HTTP
IBS
ICT
IEEE
ILC
INT
10T

P

IAD
IPM
IR

ISO
IVA
JET
JLab
KEK
KEKB
LARP
LBNL
LDRD
LEP
LEReC
LHC
LINAC
LLRF
LPOL
LTR or LtR
MAPS

G-3

Finding of No Significant Impact

Fundamental Power Coupler

Field-Programmable Gate Array

Facility for Rare Isotope Beams under construction at Michigan State University
Final Safety Analysis Document

Fiscal Year

planar multi-electrode array used to measure particle trajectories in gas-filled de-
tectors

General Purpose Interface Bus, IEEE-488

General Purpose Monitor

High Energy Beam Transport

Hadron-Electron Ring Accelerator at DESY in Hamburg, Germany
A fixed-target experiment at HERA facility

Higher Order Modes

Hypertext Transfer Protocol

Intrabeam Scattering

Integrating Current Transformer

Institute of Electrical and Electronics Engineers

International Linear Collider

Institute for Nuclear Theory at the University of Washington, Seattle
Inductive Output Tube, a vacuum tube used as a high power RF amplifier
Interaction Point

Ion Assisted Deposition

Ionization Profile Monitor

Interaction Region

Optical isolator, , or International Standards Organization

Inductive Voltage Adder

A Japanese tokomak fusion research facility

Thomas Jefferson National Accelerator Facility, Newport News, Virginia
High Energy Accelerator Research Laboratory, Tsukuba, Japan

A particle accelerator operating as a B-factory at KEK

Large Hadron Collider (LHC) Accelerator Research Program
Lawrence Berkeley National Laboratory in California

Laboratory Directed Research and Development

Large Electron Positron collider, predecessor to the LHC at CERN
Low Energy RHIC electron Cooling

Large Hadron Collider at CERN in Geneva, Switzerland

Linear Accelerator

Low Level Radio Frequency

Longitudinal polarization measurement of the electron beam at HERA
LINAC to RCS transfer line

A planar multi-electrode array on a microchip, used to measure charged particle
trajectories in compact gas-filled detectors



MBEC
MCP
NAS
NCRF
NEA
NEG
NEPA
NPCT
NSAC
NSLS-II
NSRL
ODH
OFHC
PPM
OPPIS
OTR
PASS
PDF
PED
PEP-II
PETRA

PFL
PHENIX
PID
PLC
PLL
PoP
PPS
PSAD
PSD
PSEG
PSI
PVD
PWO
QCD
QE
QWR
RACF
R&D
RCS
RCStSR
REST

GLOSSARY OF ACRONYMS

Micro-bunched electron beams

Micro Channel Plate detector

National Academy of Science and Network Attached Storage system
Normal Conducting Radio Frequency

Negative Electron Affinity

Non-Evaporation Getter

National Environmental Policy Act

New Parametric Current Transformer

Nuclear Science Advisory Committee for U.S. Department of Energy
National Synchrotron Light Source-II at BNL

NASA Space Radiation Laboratory at BNL

Oxygen Deficiency Hazard

Oxygen-Free High Conductivity copper

Office of Project Management

A polarized ion source used for injection of polarized protons into RHIC
Optical Transition Radiation

Personnel Access Safety System

Particle Distribution Function

Project Engineering and Design

Positron-Electron Project, a colliding beams facility at SLAC

A high energy electron-positron accelerator facility at DESY, now operating as a
light source

Pulse Forming Line

A large colliding-beams detector at RHIC

Particle Identification

Programmable Logic Controller

Phase-Locked Loop

Proof of Principle

Personnel Protection System

Preliminary Safety Assessment Document

Photon Stimulated Desorption, or Power Spectrum Density
A local utility company providing electrical power to BNL
Power Supply Interface

Physical Vapor Deposition

Lead Tungstate crystal

Quantum Chromodynamics

Quantum Efficiency

Quarter-Wave Resonator

RHIC and ATLAS Computing Facility at BNL

Research and Development

Rapid Cycling Synchrotron for eRHIC

The beam transfer line from RCS to the eRHIC Storage Ring
Representational State Transfer protocol



GLOSSARY OF ACRONYMS G-5
RF Radio Frequency
RGA Residual Gas Analyzer
RHIC Relativistic Heavy Ion Collider at Brookhaven National Laboratory
RICH Ring Imaging Cherenkov detector
RMS Root Mean Square
RTD Resistance Temperature Detector
RTDL Real Time Data Link
RtS RCS to Storage Ring
SAD Safety Assessment Document
SBEND Sector Bend in RCS ring lattice
SBMS Standards-Based Management System
SCCR Short Circuit Current Rating
SEY Secondary Emission Yield
SIDIS Semi-Inclusive Deep Inelastic Scattering (of high energy electrons)
SIL Safety Integrated Level
Sindi Synoptic Display tool
SIpP Sputtering Ion Pump
SLAC Stanford Linear Accelerator Center in California SLC SLAC Linear Collider
SLM Synchrotron Light Monitor
SM Standard Model of particle physics
sPHENIX A proposed new RHIC detector to replace PHENIX
SPS Super Proton Synchrotron, and accelerator at CERN
SR Synchrotron Radiation
SRF Superconducting Radio-Frequency
SRP/CS Safety Related Parts of Control Systems
SW Standing Wave
SOC or SoC  System on a Chip
Tape Tool for Automated Procedure Execution
T-BMT Thomas-BMT equation, named after Thomas, Bargmann-Michel-Telegdi
TAL Triplet Achromat Lattice
TBA Triple Bend Achromat
TEC Total Estimated Cost
TIG Tungsten Inert Gas (a specialized form of welding)
TMCI Transverse Mode Coupling Instability
TMD Transverse Momentum Distribution
™P Turbomolecular Pump
TPC Time Projection Chamber
TPOL Transverse Polarization measured for the electron beam at HERA
TSP Titanium Sublimation Pumps
TWP Traveling Wave Plates
UHV Ultra-High Vacuum
UPC Ultra-Peripheral Collisions



G-6

UPS
VME
WCM
XDB
XHV
YAG
ZDC
ZEUS
ZFCT

GLOSSARY OF ACRONYMS

Uninterruptable Power Supply

VERSAModule Europa, IEEE-1014-1987, chassis for electronic control modules
Wall Current Monitor

Xray Diagnostic Beamline

Extremely High Vacuum

A type of laser using a Yttrium-Aluminum-Garnet crystal

Zero Degree Calorimeter

A large detector at the HERA collider

Zero Flux Current Transformer, a type of DCCT
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